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ABSTRACT
ESTIMATING WATER DEMAND SCHEDULES FOR 
SELECTED INDUSTRIES IN ARKANSAS
W ater demand f u n c t i o n s  f o r  th e  p a p e r  and  c h e m ic a l  i n d u s t r i e s  i n  
th e  s t a t e  o f  A rk a n s a s  w ere  e s t im a te d  u t i l i z i n g  d a t a  c o l l e c t e d  from  
i n d i v i d u a l  p l a n t s  th r o u g h o u t  t h e  s t a t e .  R e g r e s s io n  a n a l y s i s  was u s e d  
to  e s t i m a t e  demand f u n c t i o n s  from  a  d a ta  b a s e  w h ich  in c lu d e d  i n f o r ­
m a tio n  on i n t a k e  and  g r o s s  w a te r  u s e  by s o u r c e ,  r e c i r c u l a t e d  w a te r  
u s e ,  c o s t s  o f  a c q u i r i n g ,  t r e a t i n g ,  and  d i s c h a r g in g  w a t e r ,  p l a n t  o u t ­
p u t ,  em p lo y m en t, and  l e v e l  o f  t e c h n o lo g y .  The demand f o r  i n t a k e  w a te r  
was e s t im a te d  a s  an  e x p o n e n t i a l  f u n c t i o n  o f  a v e ra g e  w a te r  c o s t s  and  
th e  l e v e l  o f  te c h n o lo g y  p r i m a r i l y .  P r i c e  e l a s t i c i t i e s  o f  dem and w ere  
e s t im a te d  a s  a p p r o x im a te ly  e q u a l  t o  one f o r  b o th  i n d u s t r i e s .  The 
r e s u l t s  o f  t h i s  s tu d y  c o u ld  be  u s e d  t o  d e te r m in e  t h e  e f f e c t s  o f  
v a r i o u s  p u b l i c  p o l i c i e s  on th e  w ith d ra w a l  o f  w a te r  f o r  i n d u s t r i a l  p u r ­
p o s e s  .
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d e m a n d /* p u lp  and  p a p e r  i n d u s t r y /* c h e m i c a l  i n d u s t r y / * r e g r e s s i o n  a n a ly ­
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HIGHLIGHTS
The o b j e c t i v e s  o f  t h i s  s t u d y  i n c l u d e d  a n  h i s t o r i c a l  a n a l y s i s  o f  
t h e  s c o p e  and  d y n a m ic s  o f  w a t e r  u s e  i n  m a n u f a c t u r i n g  i n d u s t r i e s  i n  
A rk a n s a s  and  e s t i m a t e s  o f  w a t e r  demand f u n c t i o n s  an d  p r i c e  e l a s t i c i ­
t i e s  o f  demand f o r  t h e  s t a t e ' s  p a p e r  and  c h e m i c a l  i n d u s t r i e s .
1 . On t h e  b a s i s  o f  v e r y  l i t t l e  a v a i l a b l e  i n f o r m a t i o n  i t  a p p e a r e d  
t h a t  i n d u s t r i a l  w a t e r  u s e  i n  A r k a n s a s  h a s  f o l l o w e d  n a t i o n a l  t r e n d s ,  
i . e . ,  i n c r e a s e s  i n  o u t p u t  h a v e  e x c e e d e d  t h o s e  o f  g r o s s  and  i n t a k e  
w a t e r ,  i n d i c a t i n g  t h a t  p l a n t s  a r e  u s i n g  t h e i r  w a t e r  m ore e f f i c i e n t l y  
i n  r e s p o n s e  t o  i n c r e a s e d  c o s t s  o f  a c q u i s i t i o n ,  t r e a t m e n t ,  and 
d i s c h a r g e  and  a l s o  im p ro v e m e n ts  i n  w a t e r  s a v i n g  t e c h n o l o g y .  T h i s  
o b s e r v a t i o n  i s  p a r t i c u l a r l y  t r u e  f o r  h e a v i e s t  w a t e r  u s i n g  i n d u s t r y  i n  
t h e  s t a t e , i . e . ,  p a p e r .
2 .  E s t i m a t e s  o f  t h e  w a t e r  demand f u n c t i o n s  o f  t h e  p a p e r  and  c h e ­
m i c a l  i n d u s t r i e s  w ere  b a s e d  on a  c o m p r e h e n s iv e  d a t a  s e t  w h ich  was 
c o l l e c t e d  by q u e s t i o n n a i r e  and  p e r s o n a l  v i s i t s  t o  p l a n t s  t h r o u g h o u t  
t h e  s t a t e .  R e g r e s s i o n  a n a l y s i s  was u s e d  t o  e s t i m a t e  e x p o n e n t i a l  
demand f u n c t i o n s  w h ich  i n i t i a l l y  i n c l u d e d  i n f o r m a t i o n  on e a c h  p l a n t ' s  
a v e r a g e  w a t e r  c o s t s ,  w a t e r  u s e ,  t e c h n o l o g y  l e v e l ,  e m p lo y m e n t ,  and  o u t ­
p u t .  Only w a t e r  c o s t s  and  t e c h n o l o g y  w ere  s t a t i s t i c a l l y  s i g n i f i c a n t ,  
an d  b o t h  w ere  r e l a t e d  i n v e r s e l y  t o  t h e  am ount o f  i n t a k e  w a t e r  
dem anded .
3 .  P r i c e  e l a s t i c i t i e s  o f  demand w ere  e s t i m a t e d  f o r  t h e  r a n g e  o f  
p r i c e s  i n c l u d e d  i n  t h e  s a m p le ,  i . e . ,  f rom  0 .9 0 / 1 0 0 0  g a l l o n s  t o  
2 1 .0 0 / 1 0 0 0  g a l l o n s  w i t h  an  a v e r a g e  o f  1 2 .6 0 /1 0 0 0  g a l l o n s .  A t t h e  
a v e r a g e  p r i c e  p a i d  f o r  i n t a k e  w a t e r ,  t h e  e s t i m a t e d  p r i c e  e l a s t i c i t y  
o f  demand was e q u a l  t o  - 0 . 9 4  f o r  c h e m i c a l  p l a n t s  and  - 1 . 0 6
i v
f o r  p a p e r  p l a n t s .  W hile  no s t r i c t  c o m p a r is o n s  a r e  p o s s i b l e  b e c a u s e  o f  
d i f f e r e n c e s  in  d a t a ,  m e th o d o lo g y , and tim e  f ra m e , t h e s e  e s t i m a t e s  a r e  
g e n e r a l l y  s l i g h t l y  h ig h e r  th a n  th o s e  o f  o t h e r  s t u d i e s  o f  i n d u s t r i a l  
w a te r  u s e  and  i n d i c a t e  t h a t  A rk a n sa s  p a p e r  and  c h e m ic a l  i n d u s t r i e s  a r e  
som ew hat m ore r e s p o n s iv e  to  th e  c h a n g e s  i n  w a te r  c o s t s  th a n  i s  t r u e  
n a t i o n a l l y .
4. The estimated demand functions and price e la s t ic i t i e s  can 
be used to determine the e ffe c ts  on water use of various public p o li­
c ie s  which a ffec t the costs o f water used by the paper and chemical 
industries, such as a change in water quality  standards.
v
CHAPTER I
INTRODUCTION
The e f f i c i e n t  u s e  o f  w a te r  r e s o u r c e s  r e q u i r e s  a  k n o w led g e  o f  
e x p e c te d  w a te r  dem ands t o  h e lp  p in p o in t  a r e a s  w h ich  a r e  l i k e l y  t o  f a c e  
e i t h e r  s h o r t a g e s  o r  s u r p l u s e s  o f  w a t e r , d e te r m in e  th e  o p t im a l  p r i c e  to  
c h a rg e  v a r i o u s  w a te r  u s e r s ,  and  a id  th e  im p a c t a n a l y s i s  o f  d i f f e r e n t  
w a te r  p o l i c i e s  on w a te r  u s e .  T h ese  a r e  a r e a s  o f  c o n c e rn  i n  th e  
p la n n in g ,  d e v e lo p m e n t, and  u s e  o f  w a te r  r e s o u r c e s  and  h av e  b e e n  i d e n ­
t i f i e d  a s  su c h  i n  th e  S econd  N a t io n a l  W ater A s s e s s m e n t.  A t t h e  p r e ­
s e n t  t im e ,  w a te r  demand f u n c t i o n s  hav e  b een  e s t i m a t e d  f o r  a g r i c u l t u r a l
1
and  r e s i d e n t i a l  u s e r s  i n  A rk a n s a s .  The p u rp o s e  o f  t h e  p r e s e n t  s tu d y
i s  to  d e v e lo p  e s t i m a t e s  o f  w a te r  demand s c h e d u le s  f o r  m a jo r  i n d u s t r i a l
2
u s e r s .  E s t im a te s  o f  i n d u s t r i a l  w a te r  demand s c h e d u le s  w ould  p r o v id e  
a  b a s i s  f o r  b o th  s h o r t  and lo n g  te rm  w a te r  p la n n in g  and  m anagem en t.
In  th e  s h o r t  ru n  t h e s e  e s t i m a t e s  c o u ld  be u s e d  t o  a s s e s s  th e  e f f e c t s  
on i n d u s t r i a l  w a te r  u s e  o f  c h a n g e s  i n  w a te r  q u a l i t y  r e q u i r e m e n ts ,  
w a te r  a v a i l a b i l i t y ,  and  w a te r  c o s t s .  O ver th e  lo n g e r  te rm  th e y  c o u ld  
be u se d  to  e s t i m a t e  f u t u r e  i n d u s t r i a l  w a te r  u s e  b a s e d  on v a r i o u s  
a s s u m p tio n s  a b o u t  p u b l i c  p o l i c i e s ,  a n t i c i p a t e d  eco n o m ic  g ro w th , and
1
S ee  P r o j e c t e d  W ate r R e q u ire m e n ts  an d  S u r f a c e  W a te r A v a i l a b i l i t y  
f o r  A rk a n sa s  by S h u l s t a d ,  Z i e g l e r ,  and C r o s s ,  f o r  th e  A rk a n s a s  S o i l  
and W ate r C o n s e r v a t io n  C om m ission , and An A n a ly s is  o f  R e s i d e n t i a l  
W ater Demand S c h e d u le s  i n  A rk a n sa s  by F o rd  and Z i e g l e r ,  P u b l i c a t i o n  
7 6 , A rk a n sa s  W ater R e s o u rc e s  R e s e a rc h , 1980 .
2
I n  many s t u d i e s ,  th e  te rm s  w a te r  demand and  w a te r  u se  
i n t e r c h a n g a b l y . In  t h i s  s tu d y  w a te r  demand w i l l  r e f e r  t o  w a te r  u s e  a t  
a  s p e c i f i c  p r i c e  and  a  w a te r  demand s c h e d u le  o r  w a te r  demand f u n c t i o n  
w i l l  r e f e r  to  a  s e t  o f  w a te r  p r i c e s  and  c o r r e s p o n d in g  e s t i m a t e s  o f  
w a te r  u s e  a t  th o s e  a l t e r n a t i v e  p r i c e s .
2w a te r  c o s t s .  They p r o v id e  a  much m ore sou n d  and  v e r s a t i l e  b a s i s  on
w h ic h  t o  f o r e c a s t  w a te r  u s e  th a n  th e  r e q u i r e m e n ts  a p p ro a c h  w h ich  h a s
3
b e e n  u se d  i n  o t h e r  s t u d i e s .
O b j e c t i v e s
I t  i s  n o t  th e  i n t e n t  o f  t h i s  p r o j e c t  t o  d e v e lo p  n e c e s s a r i l y  new 
m o d e ls  o r  m e th o d o lo g ie s  t o  e s t i m a t e  w a te r  demand s c h e d u le s  f o r  a l l  
i n d u s t r i a l  u s e r s  i n  A r k a n s a s .  R a th e r ,  i t  i s  t o  a p p ly  e x i s t i n g  m o d e ls , 
m o d if ie d  i f  n e c e s s a r y  t o  a c c o u n t  f o r  th e  c h a r a c t e r i s t i c s  o f  A rk a n s a s
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The f o r e c a s t i n g  o f  f u t u r e  w a te r  u s e  i s  n o t  new . M ost s t u d i e s  u s e  
a  " w a te r  r e q u i r e m e n ts  a p p ro a c h "  w h ich  u s u a l l y  c o m b in e s  p r o j e c t e d  e c o ­
nom ic d a t a  w i th  e s t i m a t e d  w a te r  u s e  c o e f f i c i e n t s .  I t  g e n e r a l l y  a s s u ­
mes t h a t  th e  t r e n d s  w h ich  i n f l u e n c e d  w a te r  u s e  i n  t h e  p a s t  a r e  s t a b l e  
and  ca n  be e x te n d e d  i n t o  t h e  f u t u r e .  H ow ever, th e  q u a n t i t i e s  o f  w a te r  
u s e d  a r e  h i g h ly  d e p e n d e n t  on th e  p r e v a i l i n g  o b j e c t i v e s  o f  s o c i e t y  and  
upon  th e  m e th o d s  and  p u r p o s e s  o f  w a te r  u s e ,  upon  eco n o m ic  p o l i c y  and  
o t h e r  v a r i a b l e s  t h a t  c a n  be i n f l u e n c e d  by p u b l i c  p o l i c y .  I t  seem s 
r e a s o n a b le  t o  q u e s t i o n  th e  u s e f u l n e s s  o f  w a te r  r e q u i r e m e n ts  p r o j e c ­
t i o n s  p e r  s e  s i n c e  t h e s e  o t h e r  f a c t o r s  a r e  e i t h e r  so  d o m in a n t o r  
u n c e r t a i n  i n  t h e  lo n g  ru n  a s  t o  be u n d e p e n d a b le  f o r  d e c i s i o n .  B e c a u se  
o f  th e  u n c e r t a i n t i e s  s u r r o u n d in g  f u t u r e  w a te r  p o l i c i e s  t h e  w a te r  
r e q u i r e m e n ts  a p p ro a c h  t o  f o r e c a s t i n g  f u t u r e  w a te r  u s e  i s  n o t  l i k e l y  t o  
be v e ry  r e l i a b l e .  M o re o v e r , when i n c o r p o r a t e d  i n t o  w a te r  p la n n in g  
p ro g ra m s  i t  t e n d s  t o  r e s u l t  i n  s e l f - f u l f i l l i n g  p r o p h e s i e s ,  i . e . ,  t h e  
p r o j e c t e d  r e q u i r e m e n ts  a r e  o f t e n  u s e d  t o  g e n e r a t e  s u p p o r t  f o r  s p e c i f i c  
w a te r  p r o j e c t s .
The p r e s e n t  s tu d y  p l a c e s  m a jo r  e m p h a s is  on an  a l t e r n a t i v e  a p p ro a c h  
w h ich  a n a ly z e s  t h e  i n f l u e n c e s  o f  th e  f a c t o r s  t h a t  c o n t r o l  o r  i n f l u e n c e  
th e  u s e  o f  w a t e r .  T h is  a p p ro a c h  d e a l s  e x p l i c i t l y  w i th  t h e  d e t e r ­
m in a n ts  o f  w a te r  u s e  i n c l u d i n g  p r i c e  and  p u b l i c  p o l i c y .  F o r e c a s t s  o f  
w a te r  dem and m u st t a k e  i n t o  a c c o u n t  t h e  d i f f e r e n t  v a lu e s  o f  w a te r  u s e  
f o r  v a r i o u s  p u r p o s e s . W ate r d o e s  n o t  h a v e  a n  u n l i m i t e d  eco n o m ic  
v a l u e .  M o re o v e r , d i f f e r e n c e s  e x i s t  i n  t h e  i n c r e m e n t a l  v a lu e s  o f  w a te r  
u s e d  f o r  d i f f e r e n t  p u r p o s e s  and  w a te r  u s e r s  te n d  t o  d e c r e a s e  t h e i r  
w a te r  u s e  w i th  i n c r e a s e d  p r i c e s  f o r  w a t e r .  R e a l l o c a t i o n  o f  w a te r  
r e s o u r c e s  c a n  be  e x p e c te d  t o  o c c u r  a s  t h e  e f f e c t i v e  p r i c e  o f  w a te r  
i n c r e a s e s .  C o n s e q u e n t ly ,  f u t u r e  f o r e c a s t s  o f  w a te r  u s e  s h o u ld  c o n ­
s i d e r  demand s c h e d u le s  w h ich  r e f l e c t  t h e  i n c r e m e n t a l  v a lu e  o f  w a te r  in  
a l t e r n a t i v e  u s e s .  T h e se  demand s c h e d u le s  s h o u ld  c o n s i d e r  b o th  q u a n ­
t i t y  and  q u a l i t y  c h a r a c t e r i s t i c s  s in c e  t h e s e  a r e  i n s e p a r a b l e .
3f irm s , to  th e  m ajor w ater u s in g  in d u s t r i e s .  These in d u s t r i e s  in c lu d e  
paper and pu lp  ( S .I .C .  26) and chem ica ls  ( S . I .C .  28) which to g e th e r  
accoun ted  fo r  70 .3  p e rc e n t o f  t o t a l  m an u fac tu rin g  w a ter use  in  
A rkansas in  1975 (See T ab le  1 ) .
The g e n e ra l  pu rpose  o f  t h i s  s tu d y  i s  to  e s t im a te  w a te r demand 
sch e d u le s  fo r  th e se  two in d u s t r i e s  c o n s id e r in g  bo th  q u a n t i ty  and 
q u a l i ty  c h a r a c t e r i s t i c s .  More s p e c i f i c a l l y ,  th e  o b je c t iv e s  a re  to :
1. p ro v id e  h i s t o r i c a l  p e r s p e c tiv e  on th e  scope and dynam ics o f  
w a ter use  in  m an u fac tu rin g  i n d u s t r i e s  in  A rkansas;
2 . id e n t i f y  th e  m ajor d e te rm in a n ts  o f  w a ter use  fo r  each o f  th e  
m an u fac tu rin g  i n d u s t r i a l  g roups s p e c i f ie d  above, and t e s t  th e  
h y p o th e s is  th a t  th e re  a re  s ig n i f i c a n t  d i f f e r e n c e s  in  th e se  
d e te rm in a n ts ;
3 . e s t im a te  th e  demand sch e d u le s  fo r  each o f  th e se  i n d u s t r i e s ;
4 . t e s t  th e  h y p o th e s is  th a t  th e re  a re  s i g n i f i c a n t  d i f f e r e n c e s  in  
th e  s e n s i t i v i t y  o f  th e se  w a ter demands to  changes in  th e  c o s t  
o f  w a te r .
M ethodology
The p ro ced u res  which w i l l  be used in  t h i s  p r o je c t  in c lu d e  th e  use 
o f  p u b lish e d  and u n p u b lish ed  in fo rm a tio n  a v a i l a b le  from th e  U .S.
Bureau o f th e  C ensus, D epartm ent o f  Commerce, W ater R esources C o u n cil, 
and G e o lo g ica l Survey and th e  A rkansas I n d u s t r i a l  Development 
Commission, I n d u s t r i a l  R esearch  and E x ten s io n  C e n te r , S o i l  and W ater 
C o n se rv a tio n  D iv is io n  and o th e r  f e d e r a l  and s t a t e  a g e n c ie s  to  p ro v id e  
h i s t o r i c a l  p e r s p e c t iv e  and a ls o  t r a c e  th e  dynam ics o f  m an u fac tu rin g  
w ater use  in  A rk an sas . A n a ly s is  o f  t h i s  in fo rm a tio n  w i l l  p ro v id e  th e
4TABLE 1
W ater W ithdraw als fo r  S e le c te d  
I n d u s t r ie s  in  A rkansas, 1975
T w o -d ig it
In d u s try  C la s s i f i c a t io n
W ithdraw als 
(m i l l io n  g a l lo n s /y e a r )
S . I .C .  20: Food & K indred P ro d u c ts 10,679
S .I .C .  22: T e x t i le s 2 ,760
S .I .C .  26: Paper & Pulp 66,409
S .I .C .  28: Chem ical 31,913
S .I .C .  29: P e tro leum 7,780
S .I .C .  33: P rim ary M etals 6 ,690
A ll o th e r  m an u fac tu rin g 13,635
TOTAL 139,786
S ource: N a tio n a l W ater A ssessm ent.
5n e c e ssa ry  groundwork fo r  bo th  e s t im a tin g  p re s e n t  demand sch ed u le s  a s  
w e ll a s  p r e d ic t in g  fu tu r e  u s e .
In  a d d i t io n ,  models o f  m an u fac tu rin g  w ater use  w i l l  be developed 
fo r  each in d u s try  u t i l i z i n g  in fo rm a tio n  o b ta in e d  from p la n t  v i s i t s ,  
p re v io u s  s tu d ie s ,  p u b lic  and p r iv a te  a g e n c ie s , and e x p e r t  o p in io n .
Data re q u ire m e n ts  o f  th e  m odels w i l l  form th e  b a s is  fo r  th e  dev e lo p ­
ment o f  a q u e s t io n n a ir e  which w i l l  be a d m in is te re d  p r im a r i ly  by m ail 
to  a s ta te w id e  sam ple o f  e s ta b lis h m e n ts  in  th e  two in d u s try  g ro u p s .
In  o rd e r to  in c re a s e  th e  re sp o n se  r a t e  second m a il in g s , p e rs o n a l 
te lep h o n e  c o n ta c t ,  and p e rs o n a l v i s i t s  w i l l  be u t i l i z e d .  A fte r  th e  
in fo rm a tio n  from th e  q u e s t io n n a ir e s  i s  ta b u la te d  and coded , r e g re s s io n  
a n a ly s is  w i l l  be u t i l i z e d  to  i d e n t i f y  th e  d e te rm in a n ts  o f  w a te r u se , 
th e  p a ram e te rs  o f  th e  demand sc h e d u le s  a s  w e ll a s  th e  p r ic e  e l a s t i c i ­
t i e s  o f  demand. T r a d i t io n a l  s t a t i s t i c a l  te c h n iq u e s  w i l l  be used  to  
t e s t  the  h y p o th eses  s p e c i f ie d  p re v io u s ly .
The n ex t c h a p te r  o f  t h i s  r e p o r t  d is c u s s e s  how w ater i s  used in  th e  
v a r io u s  s ta g e s  o f  m a n u fa c tu r in g , p a r t i c u l a r l y  th e  p ap er and chem ical 
in d u s t r i e s  in  A rk an sas . C hapter I I I  p ro v id e s  an h i s t o r i c a l  p e rsp e c ­
t i v e  on bo th  th e  tem p o ra l and s p a t i a l  v a r i a t io n s  in  w a te r use  and 
re u se  in  m ajor w a ter u s in g  in d u s t r i e s  to  de te rm in e  th e  e x te n t  to  which 
w ater use tech n o lo g y  has been ch an g in g . C hap ter IV p r e s e n ts  a rev iew  
o f p re v io u s  i n d u s t r i a l  w a te r demand s tu d ie s  and h ig h l ig h ts  th e  p ro c e ­
d u res  and t h e i r  l im i t a t i o n s  to  e s t im a te  w a ter demand sch e d u le s  
e m p ir ic a l ly .  T h is in fo rm a tio n  i s  used to  develop  th e  m ethodology and 
d a ta  c o l l e c t io n  p ro ced u res  used in  t h i s  s tu d y  and d is c u s s e d  in  C hapter 
V. The l a s t  c h a p te r  c o n ta in s  th e  r e s u l t s  and a n a ly s is  o f  th e
6i n d u s t r i a l  w a ter demand e s t im a te s  and , o u t l in e s  some o f  th e  u ses  and 
l im i t a t i o n s  o f  th e  r e s u l t s .
CHAPTER I I
HOW WATER IS USED IN MANUFACTURING PROCESSES
In  o rd e r  to  e s t im a te  i n d u s t r i a l  w a te r demands i t  i s  f i r s t  
n e c e ssa ry  to  u n d e rs tan d  how w a te r i s  used  in  th e  v a r io u s  m an u fac tu rin g  
p ro c e s s e s .  The i d e n t i f i c a t i o n  o f  th e  u ses  o f  w a ter in  th e s e  p ro c e sse s  
w i l l  h e lp  in  th e  s p e c i f i c a t i o n  o f  an i n d u s t r i a l  w a te r demand m odel.
The pu rpose  o f  t h i s  c h a p te r  i s  f i r s t  to  d e s c r ib e  g e n e r a l ly  how w ater 
e n te r s  in to  th e  v a r io u s  s ta g e s  o f  th e  m an u fac tu rin g  p ro c e ss  and th en  
to  d e s c r ib e  more s p e c i f i c a l l y  i t s  r o le  in  th e  p ap er and chem ical 
i n d u s t r i e s .
M anufac tu ring  P ro ce ss
The m an u fac tu rin g  p ro c e ss  can be d iv id e d  in to  th r e e  s ta g e s ,  i . e . ,  
in p u t assem bly , in p u t p ro c e s s in g , and o u tp u t d i s t r i b u t i o n .  W ater i s  
im p o rtan t in  th e  assem bly  s ta g e  b o th  a s  a means to  t r a n s p o r t  o th e r  
in p u ts  to  th e  p o in t  o f  p ro d u c tio n  and a ls o  a s  an in p u t  i t s e l f .  As an 
in p u t w a ter has such a low u n i t  v a lu e  t h a t  i t s  t r a n s p o r ta t io n  o v er any 
d is ta n c e  i s  n o t eco n o m ica l. C o n seq u en tly , f irm s  which use  la rg e  
amounts o f  w a te r as in p u t  ten d  to  lo c a te  n e a r ample s u p p l ie s  o f  w a te r . 
These lo c a t io n s  som etim es have th e  added ad v an tag e  o f  p ro v id in g  low 
c o s t  t r a n s p o r ta t io n  fo r  th e  assem bly  o f  o th e r  in p u ts  a s  w e l l ,  e . g . ,  a 
pap er m i l l  can use a r i v e r  to  o b ta in  i t s  w a te r in p u t  a s  w e ll a s  to  
t r a n s p o r t  i t s  lum ber. In  a d d i t io n  w a te r i s  som etim es used to  
t r a n s p o r t  th e  f in i s h e d  p ro d u c ts  which a re  g e n e r a l ly  bu lky  a n d /o r  have 
a low u n i t  v a lu e .
8W ater i s  used  in  th e  in p u t p ro c e ss  s ta g e  in  a v a r ie ty  o f  ways, 
e . g . ,  fo r  c o o lin g , o r conveyance o f o th e r  in p u ts ,  o r a s  p a r t  o f  the  
f in is h e d  p ro d u c t. I t s  use in  th e  p ro d u c tio n  p ro c e ss  i s  determ ined  by 
th e  n a tu re  o f  th e  p ro d u c tio n  fu n c tio n , c o s t ,  and tech n o lo g y .
C o n sid e r, fo r  example a c la s s  o f  p ro d u c tio n  fu n c tio n s  g iven  by:
A p r o f i t  m axim izing p ro d u cer w i l l  use  each in p u t up to  th e  p o in t where 
th e  v a lu e  o f  i t s  m arg in a l p ro d u c t (VMP) e q u a ls  i t s  p r ic e  ( r )  o r ,  p u t 
an o th e r way, th e  p roducer can in c re a s e  p r o f i t  a s  long  a s  th e  a d d it io n  
to  revenue in  em ploying an a d d i t io n a l  u n i t  o f  in p u t exceed i t s  c o s t .  
C onsequen tly , an in p u t demand fu n c tio n  can be d e riv e d  by f i r s t  ta k in g  
p a r t i a l  d e r iv a t iv e s  o f  th e  p r o f i t  fu n c tio n  w ith  r e s p e c t  to  each in p u t 
and s e t t i n g  th e  e q u a tio n  eq u a l to  zero  and th en  s o lv in g  fo r  x 1, and 
x2 , o r :
where p = o u tp u t p r ic e  
r1 ,  r 2 = in p u t p r ic e s
( 2- 2 )
(2 -3 )
(2 -4 )
and
(2-5)
( 2- 6)
where q = o u tp u t,
= l e v e l  o f tech n o lo g y , and 
x 1 ,  x2 = in p u ts  1 and 2 r e s p e c t iv e ly ,
A p ro d u ce r w i l l  fa c e  a p r o f i t  fu n c tio n  eq u a l to :
( 2- 1)
9From (2 -5 )  and (2 -6 ) i t  can be seen  th a t  th e  demand fo r  each in p u t i s  
in v e r s e ly  r e l a t e d  to  in p u t p r ic e s  and tech n o lo g y  and p o s i t iv e ly  
r e l a t e d  to  o u tp u t p r i c e s .
These r e s u l t s  im ply th a t  i f  w a ter i s  an in p u t  in  th e  p ro d u c tio n  
p ro c e ss  d e sc r ib e d  by (2 -1 ) i t s  u se  would ten d  to  d e c re a se  a s  i t  became 
more c o s t l y ,  tech n o lo g y  in c re a s e d ,  a n d /o r  th e  p r ic e  o f  o th e r  in p u ts  
d e c re a se d . Over th e  p a s t  t h i r t y  y e a r s  w a te r has become more ex p en siv e  
and , a s  w i l l  be seen  in  th e  n ex t c h a p te r ,  i t s  u se  p e r  u n i t  o f  o u tp u t 
has been f a l l i n g .  On th e  b a s is  o f  our p ro d u c tio n  fu n c tio n  model t h i s  
o b s e rv a tio n  cou ld  be th e  r e s u l t  o f  h ig h e r  w a ter p r ic e s  a n d /o r  h ig h e r  
l e v e l s  o f  te c h n o lo g y . In  a d d i t io n ,  i t  cou ld  be th e  r e s u l t  o f  r e l a t i ­
v e ly  h ig h e r  p r ic e s  o f  non -w ater in p u ts .  C e te r i s  p a r ib u s ,  an in c re a s e  
in  th e  p r ic e  o f  th e se  in p u ts  w i l l  in c re a s e  th e  use  o f  w a te r i f  w a te r 
can be used  a s  a s u b s t i t u t e  fo r  th e se  o th e r  in p u t s .  I f  w a te r i s  a 
complement to  th e se  o th e r  in p u ts ,  how ever, i t s  u se  w i l l  a l s o  d e c lin e  
in  re sp o n se  to  an in c re a s e  in  th e  p r ic e  o f  th e s e  o th e r  in p u ts .
I t  shou ld  be c le a r  th a t  changing  w a te r u se  can be due to  a  v a r i e ty  
o f  f a c to r s  and th a t  p ro d u c e rs  can respond  in  a v a r i e ty  o f  ways to  
changing  w a ter c o s t s .  The im portance  o f  th e s e  v a r io u s  f a c to r s  and th e  
p ro d u c e rs ' re sp o n se  to  them depends on th e  c h a r a c t e r i s t i c s  o f  s p e c i f i c  
i n d u s t r i e s .  In  o rd e r  to  e s t im a te  w a te r demand fu n c t io n s  fo r  th e  pap er 
and ch em ica l in d u s t r i e s  i t  i s  n e c e s sa ry  to  m odify th e  g e n e ra l  model 
d is c u s se d  above to  ta k e  acco u n t o f  th e  d i f f e r e n t  ways w a te r e n te r s  
in to  th e  m a n u fac tu rin g  p ro c e s s .  The rem ain d er o f  t h i s  c h a p te r  con­
t a in s  an o u t l in e  o f  th e  g e n e ra l  p ro d u c tio n  p ro c e ss  in  th e  p ap er 
in d u s try  and s e le c te d  chem ica l in d u s t r i e s  w ith  a  more d e ta i l e d  
d e s c r ip t io n  o f  th e  use  and re u se  o f  w a te r in  th e  in p u t  p ro c e ss  s ta g e .
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P aper and Pulp In d u s try
The p aper and pu lp  in d u s try  in  th e  s t a t e  o f  A rkansas has a wide 
v a r i e ty  o f  f i n a l  p ro d u c ts .  There a re  seven r e l a t i v e l y  la rg e  paper 
m i l l s  in  A rkansas p ro v id in g  th e  in d u s try  w ith  p ro d u c ts  ran g in g  from 
f in e  pap er fo r  copying m achines to  n ew sp rin t and paper b ag s . Common 
to  a l l  o f  th e  paper and pu lp  p la n ts  i s  th e  demand fo r  la rg e  q u a n t i t i e s  
o f  c o o lin g  and p ro c e ss  w a te r , e . g . ,  i t  i s  no t uncommon fo r  some o f  th e  
l a r g e r  p la n ts  to  have an in ta k e  o f  f i f t y  m i l l io n  g a llo n s  per day. 
Because o f  t h i s  e x tra o rd in a ry  demand f o r  w a te r , p ap er and pulp  p la n ts  
a r e  u s u a l ly  lo c a te d  n e a r m ajor s u r fa c e  w a ter as  t h e i r  p rim ary  w ater 
s o u rc e , some u t i l i z e  deepw ater w e lls  where w ater t a b le  c o n d itio n s  
a llo w  cheap a b s t r a c t io n .
Paper and paper p ro d u c ts  a re  m anufactured  from wood pulp  d e riv ed  
from raw tim b e r . Most A rkansas p ap er and pu lp  p la n ts  tra n s fo rm  raw 
tim b er in to  debarked  wood c h ip s  which a re  fed  in to  a d ig e s t e r  where 
they  a re  steam ed and th en  cooked in  a s o lu t io n  c o n s is t in g  o f  c a u s t ic  
soda and sodium s u l f id e  known as  w h ite  l i q u o r .  Once th e  cooking p ro ­
c ess  i s  co m p le ted , th e  c h ip s  a re  "blown" from th e  d ig e s te r  to  a tank  
where they  s e p a ra te  in to  f ib e r s  or p u lp . Steam from th e  tank  goes to  
an accu m u la to r f o r  h e a tin g  p ro c e ss  w a te r . The pu lp  i s  th en  t r a n s ­
f e r r e d ,  a lo n g  w ith  th e  sp en t cooking l iq u o r  known as  b lack  l iq u o r ,  to  
a  b row n-stock  c h e s t  and th en  on to  a vacuum drum w ashers where
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P o r tio n s  o f  th e  t e x t  on p u lp in g  and paperm aking were o b ta in ed  
from th e  fo llo w in g  so u rc e : Develoment Document f o r  E f f lu e n t  
L im ita t io n s  G u id e lin e s  (BPCTA) f o r  th e  B leached K r a f t .  Groundwood, 
S u l f i t e ,  Soda, D eink , and N o n -In te g ra te d  P aper M ills  Segment o f  th e  
P u lp , P ap e r, and P aperboard  P o in t  Source C a teg o ry , U nited  S ta te s  
E nv ironm ental P r o te c t io n  Agency, December, 1976, pp . 63-72 and pp. 
8 4 -8 8 .
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c o u n te r c u r re n t  w ashing s e p a ra te s  th e  b la c k  l iq u o r  from th e  p u lp . 
G e n e ra lly , th e  pu lp  w i l l  be washed th re e  tim es  as  i t  i s  r o l l e d  th ro u g h  
th e  w ash e rs , w h ile  th e  b la ck  l iq u o r  i s  a llow ed  to  f a l l  in to  a reco v ery  
tro u g h . The b la ck  l iq u o r  i s  th en  burned a s  f u e l  in  a b o i l e r .  W hile 
b u rn in g  o f  th e  c o n c e n tra te d  l iq u o r  o c c u r s , o rg a n ic  sodium compounds 
a re  co n v e rted  to  soda ash  and th e  m olten  sm e lt o f  s a l t s  a re  d is so lv e d  
in  w a ter to  form g reen  l iq u o r .  The g reen  l iq u o r  i s  c a u s t ic iz e d  w ith  
lim e to  c o n v e r t th e  soda ash  to  c a u s t ic  so d a . The c a u s t ic  soda i s  
th en  combined w ith  sodium s u l f id e  to  produce w h ite  l iq u o r  which i s  
s e t t l e d ,  f i l t e r e d ,  and a d ju s te d  to  th e  c o r r e c t  s t r e n g th  so i t  can be 
used in  th e  cooking p ro c e ss  d e sc r ib e d  e a r l i e r .  The s e t t l i n g  o f  w h ite  
l iq u o r  p roduces lim e mud which i s  w ashed, d ew ate red , and burned in  
r o ta r y  k i l n s  to  form q u ick  lim e . The q u ick  lim e i s  th en  h y d ra te d  w ith  
g reen  l iq u o r  fo r  r e in t r o d u c t io n  in to  th e  re c o v e ry  c y c le .
A fte r  b e in g  s e p a ra te d  from th e  b la ck  l iq u o r  d u rin g  th e  w ashing 
p ro c e s s , th e  pu lp  i s  d i lu te d  and sc reen ed  to  remove in co m p le te ly  
cooked c h ip s  and o th e r  r e s id u e s  in c o m p a tib le  w ith  b le a c h in g , which i s  
th e  n ex t s ta g e  in  th e  m an u fac tu rin g  p ro c e s s .  B leach in g  i s  u s u a l ly  
perform ed in  s ta g e s  which a re  d esig n ed  to  b r ig h te n  th e  pu lp  and p re ­
se rv e  pu lp  s t r e n g th ,  c o n s is te n c y , and p ro c e ss  te m p e ra tu re . At each 
s ta g e  th e  pu lp  i s  b leach ed  w ith  a chem ical a g e n t ,  such as  c h lo r in e ,  
fo r  a s p e c i f ie d  amount o f  tim e . The number o f  b le a c h in g  s ta g e s  vary  
depending on th e  d e s ir e d  b r ig h tn e s s  o f  th e  p u lp , e . g . ,  th e  b le a c h in g  
p ro c e ss  i s  v e ry  in te n s iv e  fo r  h ig h  g rad e  f in e  p ap er w h ile  i t  may be 
n o n e x is te n t fo r  brown pap er b ag s . Once th e  pu lp  has been t r e a t e d ,  i t  
i s  s e n t  to  a paperm aking p ro c e ss  o r  to  a pu lp  d ry e r  where i t  can be 
used in  th e  p ro d u c tio n  o f  some o th e r  p ro d u c t.
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In  th e  paperm aking p ro c e ss  pu lp  i s  resuspended  in  w a ter to  a con­
s is te n c y  o f  fo u r to  s ix  p e rc e n t .  The s to ck  i s  b rushed  w ith  m echanical 
b e a te r s  fo r  th e  purpose  o f  o b ta in in g  m a ttin g  which p ro v id e s  the  
s t r e n g th  o f  th e  p a p e r . The amount o f  b ru sh in g  v a r ie s  w ith  th e  
deg ree  o f  q u a l i ty  re q u ire d  fo r  th e  p ro d u c ts .
Upon re f in e m e n t, th e  s to ck  i s  c le a n e d , s c re e n e d , and in tro d u c e d  to  
a  f o u r d r in ie r  headbox where th e  pu lp  flow s on to  a w ire  sc ree n  to  form 
a p aper s h e e t .  A s u c tio n  p ick -u p  r o l l  t r a n s f e r s  th e  sh e e t from th e  
w ire  to  th e  p re s s s e s  which enhance d e n s i ty  and remove a d d i t io n a l  
w a te r . The sh e e t i s  th en  p laced  in  d ry e rs  and co n v erted  in to  th e  
f i n a l  p ro d u c t.
Q u ite  o b v io u s ly , w ater i s  a v e ry  im p o rtan t in p u t in  th e  p ap er­
making p ro c e ss  and i s  s u b je c t  to  in te n s iv e  re u se  due to  th e  f a c t  th a t  
low er g rad es  o f  w ater q u a l i ty  a re  a c c e p ta b le  to  a su c c e ss io n  o f  u ses  
w ith in  th e  o v e r a l l  p ro c e s s . I n i t i a l l y  w ater i s  tak en  from some o u ts id e  
so u rce  and t r e a t e d ,  i f  n e c e s sa ry , fo r  use in  p ro c e s s in g . P ro cess  
w a ter i s  used  to  s e p a ra te  pu lp  from sp en t cooking l iq u o r  d u rin g  th e  
pu lp  chem ical re co v e ry  p ro c e s s . I t  i s  a ls o  used  fo r  secondary  c l a r i ­
f i c a t i o n ,  a d d i t io n a l  w ash ings, f i l t r a t i o n  o f  u n u sab le  re s id u e  from the  
p u lp , and as  an a id  f o r  s lu d g e  rem oval. During th e  a c tu a l  paperm aking 
p ro c e s s , w a ter i s  used to  suspend th e  pu lp  s to c k , and to  a id  in  f u r th e r  
pu lp  w ashing and s c re e n in g . Much o f  th e  p ro c e ss  w a ter can be re c y c le d  
p ro v id ed  th a t  s u f f i c i e n t  rem oval o f  d is s o lv e d  s o l id s  occu rs  th rough  
d is c h a rg e  o r d e m in e ra l iz a t io n .  For exam ple, b o i l e r  feed  w ater 
r e q u ir e s  in te n s iv e  d e m in e ra l iz a t io n  in  o rd e r  to  avo id  m in e ra l b u ild u p  
on th e  s id e s  o f  th e  b o i l e r  i t s e l f .  Such a b u ild u p  w i l l  r e s u l t  in  s h u t-
13
down o f  the  b o i le r  w h ich in  tu r n  w i l l  r e q u ire  some p la n ts  to  sh u t down 
e n t i r e l y .
W ater used f o r  c o o lin g  purposes does n o t r e q u ire  th e  in te n s e  p re -  
p a to ry  tre a tm e n t necessary  f o r  p ro c e s s in g  w a te r .  C o o lin g  w a te r o n ly  
re q u ire s  s e t t l i n g  and the  a d d it io n  o f  b io c id e s  and a n t i - c o r r o s iv e s .
The w a te r i s  then  u t i l i z e d  in  a v a r ie t y  o f  c o o lin g  fu n c t io n s :  Heated 
c o o lin g  w a te r i s  u s u a lly  t re a te d  in  in d u c e - d r a f t  e v a p o ra tiv e  c o o lin g  
to w e rs . Such tow ers  have a fa n  a t  th e  to p  o f  th e  tow er s lo ts  in  th e  
to w e r. Once t re a te d ,  th e  c o o lin g  w a te r is  ready f o r  d is c h a rg e  o r  more 
commonly, r e c y c l in g .
Chem ical In d u s t ry
The p ro d u c tio n  p rocess  used in  th e  paper and p u lp  in d u s t r y  i s  v e ry  
s im i la r  between p la n ts  and, c o n s e q u e n tly , r e la t i v e l y  s im p le  to  
d e s c r ib e . The ch e m ica l in d u s t r y ,  how ever, in c lu d e s  a broad range o f  
in p u ts ,  p ro d u c ts ,  and p ro cesse s ; and i s  more d i f f i c u l t  to  m odel. In  
f a c t , i t  has been no ted  th a t  " . . .  th e  ch e m ica l in d u s t r y  i s  as 
d iv e rs e  as any in d u s t r y  c o u ld  be and s t i l l  have a g e n e ra l t i t l e . "  For 
t h is  reason t h is  s tu d y  w i l l  c o n c e n tra te  on th e  in d u s t r i a l  in o rg a n ic  
( S . I .C .  281 ) and a g r ic u l t u r a l  ch e m ica l ( S . I .C .  287) in d u s t r ie s  in  
A rkansas. Many o f  th e  ch e m ica ls  produced in  th e  s ta te  a re  used in  th e
2P o rt io n s  o f  th e  t e x t  on v a r io u s  ch em ica l p ro d u c tio n  p rocesses 
Development Document f o r  E f f lu e n t  L im i ta t io n s  G u id e lin e s  and New 
Source Perform ance S tandards  f o r  th e  B a s ic  F e r t i l i z e r  Chem icals 
Segment o f  th e  F e r t i l i z e r  M a n u fa c tu rin g  Source C a te g o ry , U .S . E n v iro n ­
m e n ta l P ro te c t io n  Agency, March 1974, pp . 5 3 -6 3 , and Development 
Document f o r  E f f lu e n t  L im i ta t io n s  G u id e lin e s  and New Source 
Perform ance S tanda rds  f o r  th e  Ma jo r  In o rg a n ic  P ro d u c ts  Segment o f  th e  
In o rg a n ic  C hem ica ls M a n u fa c tu rin g  P o in t  Source C a te g o ry , U .S. 
E n v iro n m e n ta l P ro te c t io n  Agency, March 1974, pp . 5 1 -5 5 .
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m anu factu re  o f  f e r t i l i z e r s ,  e .g . ,  ammonia, n i t r i c  and s u l f u r ic  a d ic ,  
ammonium n i t r a t e ,  and u re a . In  a d d it io n ,  brom ine and a lum ina  chemi­
c a ls  a re  produced f o r  use in  n o n -a g r ic u ltu re  in d u s t r ie s .  The p roduc-
2t io n  p rocess f o r  each o f  these chem ica ls  w i l l  be d iscussed  in  tu rn .
Ammonia
Ammonia i s  th e  base component f o r  the  e n t i r e  n it ro g e n  f e r t i l i z e r  
in d u s t r y .  I t  is  produced in  la rg e r  q u a n t i t ie s  than  any o th e r  in o rg a ­
n ic  chem ica l excep t s u l f u r ic  a c id .  Because i t  is  such a necessary 
p a r t  o f  n i t r i c  a c id ,  ammonium n i t r a t e ,  and u re a , ammonia p la n ts  a re  
o f te n  lo c a te d  on th e  p ro d u c tio n  s i t e  o f  one o f  these  o th e r  ch e m ica ls .
Ammonia is  produced by the  re a c t io n  o f  hydrogen w ith  n it ro g e n  in  a 
th re e  to  one volume r a t i o .  The raw m a te r ia l source f o r  n it ro g e n  is  
a tm o sphe ric  a i r ,  w h ile  hydrogen i s  commonly o b ta in e d  from  n a tu ra l gas 
so u rce s . In  o rd e r to  produce ammonia i t  is  necessary to  p ro d u c t syn 
gas (make-up gas) a t  the  f r o n t  end o f  the  p ro d u c tio n  p ro ce ss . Many 
ammonia p la n ts  use steam-methane re fo rm in g  u n i ts  to  produce t h is  gas. 
The steam-methane process beg ins  w ith  th e  rem oval o f  s u l f u r  from  the  
n a tu r a l gas hydrogen so u rce . The n a tu ra l gas is  m ixed w ith  steam a t 
h ig h  tem p era tu res  (1450° F) and undergoes what i s  known as a s h i f t  
re a c t io n  w h ich r e s u lt s  in  th e  o x id a t io n  o f  hydrogen ( th u s  a llo w in g  the
2P o rt io n s  o f  the  t e x t  on v a r io u s  chem ica l p ro d u c tio n  processes 
were o b ta in e d  fro m : Development Document f o r  E f f lu e n t  L im ita t io n s  
G u id e lin e s  and New ource Perform ance S tandards f o r  th e  B as ic  
F e r t i l i z e r  Chem icals Segment o f  th e  F e r t i l i z e r  M a n u fa c tu rin g  Source 
C a teg o ry , U .S . E n v ironm en ta l P ro te c t io n  Agency, March 1974, pp. 53-63 , 
and Development Document f o r  E f f lu e n t  L im ita t io n s  G u id e lin e s  and New 
Source Perform ance S tandards f o r  th e  Maj o r  In o rg a n ic  P rodu c ts  Segment 
o f  the  In o rg a n ic  Chem icals M a n u fa c tu rin g  P o in t Source C a te g o ry , U.S. 
E n v ironm en ta l P ro te c t io n  Agency, March 1974, pp . 51 -55 .
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hydrogen m o lecu les  to  be f r e e )  a lo n g  w ith  th e  c r e a t io n  o f  carbon 
d io x id e .  F o llo w in g  th e  s h i f t  c o n v e rs io n , th e  gas i s  t r a n s fe r re d  to  a 
carbon d io x id e  re c o v e ry  s e c t io n  where a c ir c u la te d  s o lu t io n  re a c ts  
w ith  the  gas steam to  reduce carbon d io x id e  le v e ls .  A d d it io n a l carbon 
d io x id e  i s  removed when th e  gas is  passed th ro u g h  a n ic k e l  c a ta ly s t .  
A f te r  c o o lin g  th e  syn gas i s  ready f o r  com pression and fe e d in g  to  th e  
ammonia s y n th e s is  s e c t io n .
Syn gas i s  used as make-up feed  to  th e  ammonia s y n th e s is  s e c t io n .  
The re a c t io n  o f  n it ro g e n  and hydrogen i s  c a r r ie d  o u t in  th e  presence 
o f  an ir o n  prom oted m e ta l o x id e  c a ta ly s t  a t  e le v a te d  p re s s u re , w h ich 
fa v o rs  th e  ammonia fo rm a t io n ,  in  a s p e c ia l r e a c t io n  v e s s e l c a l le d  a 
c o n v e r te r .  The c o n v e rs io n  p rocess gen e ra te s  a la rg e  q u a n t i ty  o f  re a c ­
t io n  gas (h yd rogen , n i t r o g e n ,  methane, a rg o n , o th e r  in e r t s ,  and 
ammonia) w h ich  i s  co o led  to  condense th e  ammonia. I t  i s  then  
recom pressed, m ixed w ith  f re s h  make-up gas, and re h e a te d  f o r  use in  
th e  ammonia c o n v e r te r .
W ater i s  e s s e n t ia l to  th e  ammonia p rocess because o f  th e  steam 
re a c t io n  w h ich  must take  p la c e  f o r  n a tu r a l gas s u l f u r  re m o va l.
C o o lin g  w a te r i s  u t i l i z e d  in  th e  syn gas p rocess  im m e d ia te ly  a f t e r  
carbon d io x id e  rem ova l and ju s t  b e fo re  com press ion . The hydrogen and 
n it ro g e n  re a c t  in  th e  ammonia c o n v e r te r  and a re  then  passed on to  the  
condenser. The l i q u id  ammonia p ro d u c t,  w h ich  i s  80 p e rc e n t p rocess 
w a te r ,  i s  then  s to re d  in  la rg e  a tm o sphe ric  ta n k s  a t  su b -z e ro  tem­
p e ra tu re s .
N i t r i c  A c id
N i t r i c  a c id  i s  one o f  th e  n itro g e n o u s  f e r t i l i z e r s  produced in  
A rkansas ' ch em ica l in d u s t r y .  As w ith  o th e r  n it r o g e n  based
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f e r t i l i z e r s ,  n i t i c  a c id  re q u ire s  ammonia as a b a s ic  in g re d ie n t .  In  
a lm ost a l l  ca se s , ammonia i s  produced a t  the  n i t r i c  a c id  p ro d u c tio n  
s i t e .
N i t r i c  a c id  i s  produced by the  ammonia o x id a t io n  p ro ce ss . In  t h is  
p ro ce ss , ammonia is  m ixed w ith  a i r  to  produce o x id e s  o f  n it ro g e n .  
F u r th e r  o x id a t io n  i s  fo llo w e d  by th e  in t r o d u c t io n  o f  w a te r which 
y ie ld s  the  f i n a l  n i t r i c  a c id  p ro d u c t ( th e  f e r t i l i z e r  in d u s t ry  uses a 
55% to  65% d i lu t e  a c id ) .
The i n i t i a l  ammonia o x id a t io n  (a  m ix tu re  o f  ammonia and compressed 
a i r )  takes p la c e  in  a c o n v e rte r  a t  h ig h  p re s s u re . The h o t e x i t  gases 
from  th e  c o n v e rte r  a re  used to  super hea t steam and p re h e a t process 
a i r .  The rem oval o f  steam c o o ls  th e  n i t r i c  o x id e  to  th e  p o in t  where 
secondary o x id a t io n  s ta r t s  ta k in g  p la c e . Upon c o m p le tio n  o f  the 
secondary le v e l  o f  o x id a t io n ,  the  gases a re  fe d  in to  an a b s o rp tio n  
co lum n. A t the  same tim e  th a t  the  gases a re  fe d  in to  th e  a b s o rp t io n -  
colum n, p rocess w a te r (w h ich  a c ts  as an a sb so rb a n t) i s  fe d  in to  the  
top  o f  the  colum n. N i t r i c  a c id  i s  removed from  th e  bottom  o f  the  
co lum n.
In  the  n it ro g e n  f e r t i l i z e r  in d u s t ry  (as w ith  o th e r  o rg a n ic  
ch e m ica ls ) w a te r i s  an e s s e n t ia l p a r t  o f  the  chem ica l p ro ce ss . In  i t s  
f i n a l  fo rm , n i t r i c  a c id  re q u ire s  p rocess w a te r f o r  d i lu t io n  and 
a b s o rp t io n .  Water i s  a ls o  u t i l i z e d  as a c o o la n t in  th e  ammonia 
a b s o rp tio n  p ro c e s s . F in a l ly ,  as w ith  most heavy in d u s t r ia l  w a te r 
u s e rs , steam is  genera ted  in  b o i le r s  f o r  the  purpose o f  d r iv in g  
com pressor tu rb in e s .  In  A rkansas, a lm os t a l l  o f  the  n i t r i c  a c id  
p la n ts  (and p la n ts  p ro d u c in g  o th e r  n it ro g e n  f e r t i l i z e r s )  o b ta in  t h e i r  
w a te r from  deep w e l ls .  Because tre a tm e n t c o s ts  o f  g roundw ater a re
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s u b s ta n t ia l ly  le s s  than  s u rfa c e  w a te r , th e  n it ro g e n  f e r t i l i z e r  f irm s  
tend  to  p r e fe r  w e l l  w a te r to  s u rfa c e  so u rce s .
Ammonium N i t r a te
Ammonium n i t r a t e  i s  a n o th e r member o f  th e  n it r o g e n  f e r t i l i z e r  p ro ­
d u c t g ro u p . I t  i s  a p o p u la r  f e r t i l i z e r  due to  i t s  h ig h  n it r o g e n  con­
te n t  and r e la t i v e l y  low  c o s t .  Ammonium n i t r a t e  i s  produced by 
re a c t in g  ammonia w ith  n i t r i c  a c id  in  a low  p re s s u re  v e s s e l c a l le d  a 
n e u t r a l iz e r .  The h ig h  hea t o f  r e a c t io n  causes f la s h  v a p o ra t io n  o f  
w a te r le a v in g  beh ind  a l i q u id  p ro d u c t w h ich i s  83% by w e ig h t ammonium 
n i t r a t e .  T h is  p ro d u c t can be s o ld  d i r e c t l y  o r  processed in t o  a d ry  
p ro d u c t.
I f  a d r ie d  p ro d u c t i s  d e s ire d ,  then  th e  l i q u id  fo rm  e i th e r  can be 
p r i l l e d  o r  c r y s t a l l i z e d .  I f  p r i l l s  a re  d e s ire d ,  a c o n c e n tra te d  form  
o f  l i q u id  ammonium n i t r a t e  is  pumped to  th e  to p  o f  a tow er where i t  i s  
sprayed downward in t o  a r is in g  f lo w  o f  a i r .  The ammonium n i t r a t e  
d ro p le ts  s o l i d i f y  b e fo re  th e y  h i t  b o t to n .  The s o l id  d ro p le ts  a re  then  
a llo w e d  to  c o o l b e fo re  b e in g  coa ted  w ith  an a n t ic a k in g  a g e n t. I f  a 
c r y s t a l l i n e  ammonium n i t r a t e  p ro d u c t i s  d e s ire d ,  th e n  th e  c o n c e n tra te d  
l i q u id  s o lu t io n  i s  fe d  in t o  a c o n tin u o u s  vacuum e v a p o ra to r .  As th e  
l i q u id  s o lu t io n  c o o ls ,  c r y s ta ls  a re  fo rm ed, d r ie d ,  and coa ted  w ith  an 
a n t i- c a k in g  a g e n t.
W ater i s  p r im a r i ly  used in  t h is  p rocess  as a c o o la n t in  th e  p r i l l  
and c r y s ta l  p ro ce sse s . In  a d d it io n ,  w a te r vapo r com ing from  th e  
n e u t r a l iz e r  p rocess i s  condensed and c la r i f i e d  in  th e  c o o lin g  w a te r 
b e fo re  e v e n tu a l b low -dow n.
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Urea
Urea is  a w id e ly  used n itro g e n  f e r t i l i z e r .  The process re q u ire s  
the  re a c t io n  o f  ammonia w ith  compressed carbon d io x id e  to  form  
ammonium ca rbona te  which i s  then  dehydra ted  to  form  u re a . Urea can 
then be s o ld  as a l i q u id  p ro d u c t o r tra n s fo rm e d  in to  p r i l l s  o r 
c r y s ta ls  v ia  a f la s h  e v a p o ra to r and p r i l l i n g  to w e r. As is  the  case 
w ith  ammonium n i t r a t e  and n i t r i c  a c id  p la n ts ,  urea  p roduce rs  w i l l  make 
ammonia fe e d s to c k  a t  the  same s i t e .  The ammonia p la n t  a ls o  s u p p lie s  
h ig h  p u r i t y  carbon d io x id e  necessary fo r  u rea  p ro d u c tio n .
Urea p la n ts  use w a te r f o r  c o o lin g ,  in  p ro ce ss , and in  b o i le r s .  
C o o lin g  w a te r i s  in tro d u c e d  to  the  urea p rocess d u r in g  the  h ig h  tem­
p e ra tu re  r e a c t io n  o f  carbon d io x id e  and ammonia. G e n e ra lly , fans a re  
p laced  a t the  to p  o f  the  tow er to  draw a i r  th ro ugh  the  s id e s  f o r  the 
purpose o f  c o o lin g  the  w a te r as i t  moves th ro ugh  in t e r io r  s lo ts  w ith in  
the  to w e r.
Because ammonia i s  80$ w a te r , a g re a t  d ea l o f  p rocess w a te r is  
in c lu d e d  in  th e  u rea  p ro c e s s . Process w a te r i s  removed from  th e  urea 
p ro d u c t d u r in g  d e h y d ra tio n  and e v a p o ra tio n  (e v a p o ra t io n  is  a ls o  
necessary i f  s o l id  u rea  p ro d u c ts  a re  d e s ir e d ) . Urea p la n ts  a ls o  
su p p ly  t h e i r  own b o i le r  feed w a te r re q u ire s  e x te n s iv e  d e m in e ra liz a t io n  
t re a tm e n t. Waste rem oval tre a tm e n t u s u a lly  c o n s is ts  o f  c la r i f i c a t i o n  
and s e ttle m e n t b e fo re  e f f lu e n t  is  su b je c te d  to  d is p o s a l.
S u l f u r ic  A c id
S u l fu r ic  a c id  i s  g e n e ra lly  u t i l i z e d  as an in te rm e d ia te  p ro d u c t fo r  
o th e r  m a n u fa c tu rin g  p rocesse s , e . g . ,  i t  p r im a r i ly  s u p p lie s  th e  f e r ­
t i l i z e r ,  pe tro le u m  r e f in in g ,  and e x p lo s iv e s  in d u s t r ie s ,  and is  a ls o
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used in  the  p ro d u c tio n  o f  s y n th e t ic  p la s t ic s ,  d e te rg e n ts ,  n u c le a r  
fu e ls ,  and o th e r  o rg a n ic  and in o rg a n ic  ch e m ica l p ro d u c ts .
S u l f u r ic  a c id  i s  produced p r im a r i ly  by th e  c o n ta c t p ro c e s s , w h ich 
in v o lv e s  th e  b u rn in g  o f  s u l f u r  to  s u l f u r  d io x id e ,  fo llo w e d  by th e  
c a t a ly t ic  o x id a t io n  o f  s u l f u r  d io x id e  to  s u l f u r  t r io x id e  w h ich  is  
re a c te d  w ith  w a te r to  produce s u l f u r ic  a c id .
U s u a lly  s u lp h u r  d io x id e  i s  o b ta in e d  from  th e  in t r o d u c t io n  o f  oxy­
gen to  pure s u l f u r .  The c o n ta c t p rocess exposes s u l f u r  d io x id e  to  
hea ted a i r ,  w h ich in  tu rn  i s  in tro d u c e d  in to  a re a c to r  c o n ta in in g  a 
p la tin u m  o r vanadium p e n to x id e  c a ta ly s t .  The r e s u l ta n t  gas m ix tu re  i s  
coo led  in  an a b s o rp tio n  tow er where th e  s u l f u r  t r io x id e  i s  absorbed by 
oleum (a c id  p lu s  excess s u l f u r  t r i o x id e ) .  A f te r  a p o r t io n  o f  the  
s u l f u r ic  a c id  i s  drawn o f f  fo r  s a le ,  th e  re m a in in g  a c id  i s  d i lu t e d  and 
r e c ir c u la te d  th ro u g h  th e  a b s o rp tio n  to w e rs , where oleum reabso rbs  
s u l f u r  t r io x id e  thus  re p e a tin g  th e  p ro c e s s .
L ik e  u rea  p la n ts  s u l f u r ic  a c id  p la n ts  u t i l i z e  w a te r in  p ro c e s s , 
f o r  c o o lin g ,  and in  b o i le r s .  Process w a te r i s  used to  d i lu t e  a p o r­
t io n  o f  the  s u l f u r ic  a c id  f o r  th e  purpose o f  r e c i r c u la t io n  th ro u g h  the  
a b s o rp tio n  p ro c e s s . In  a d d it io n ,  p rocess w a te r i s  m ixed w ith  s u l f u r ic  
a c id  to  reach d e s ire d  f i n a l  p ro d u c t le v e ls .  A c id ic  s tre n g th s  range 
from  about 30 p e rc e n t s u l f u r ic  a c id  f o r  b a t te ry  a c id  to  70 p e rc e n t fo r  
oleum . N o n -co n tac t c o o lin g  w a te r i s  used in  th e  a b s o rp tio n  tow ers  to  
c o o l th e  s u l f u r  t r io x id e  to  the  p o in t  where i t  i s  absorbed by oleum . 
F in a l ly ,  w a te r i s  used f o r  b o i le r  feed steam e le c t r ic  g e n e ra t io n . Of 
co u rse , b o i le r  w a te r i s  s u b je c t to  d e m in e ra liz a t io n  in  o rd e r to  p re ­
ven t b u ild u p  a long  b o i le r  w a l ls .  A m in e ra l c o a t in g  would e f f e c t i v e ly  
in s u la te  the  b o i le r  thus  c u r t a i l i n g  i t s  a b i l i t y  to  c re a te  steam.
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A lum ina Chem icals
A lum ina ch em ica ls  a re  produced in  la rg e  q u a n t i t ie s  in  A rkansas. 
T h is  i s  due to  the  f a c t  th a t  a c c e s s ib le  b a u x ite  d e p o s its ,  w h ich a re  an 
e s s e n t ia l raw m a te r ia l f o r  the  p ro d u c tio n  o f  a lu m n ia , a re  lo c a te d  near 
B a u x ite ,  A rkansas. The un ique p ro p e r t ie s  o f  a lum ina  chem ica ls  make 
them v a lu a b le  as in te rm e d id a te  p ro d u c ts  f o r  o th e r  in d u s t r ie s .  For 
exam ple, a lum ina  h y d ra te  i s  used as a flam e re ta rd a n t  in  c a rp e ts  and 
d ra p e s . H ighe r q u a l i t y  h yd ra te s  a re  added to  f in e  papers as a f i l t e r  
to  in c re a s e  b r ig h tn e s s .  C a lc i f ie d  a lum inas a re  used fo r  the  fa b r ic a ­
t io n  o f  h ig h  s tre n g th  ce ram ics  (c h in a w a re , e le c t r o n ic  components, 
ce ram ic  b a l l  b e a r in g s ) .
The a lum ina  chem ica l p rocess beg ins  w ith  th e  b le n d in g  o f  b a u x ite  
o re .  The b a u x ite  i s  fed  to  a d ig e s te r  to  b eg in  what i s  c a l le d  the  
Bayer p ro c e s s . The d ig e s te r  jo in s  the  b a u x ite  s lu r r y  w ith  h o t sodium 
a lu m in a te  l i q u o r . T h is  m ix tu re  i s  heated under p re ssu re  to  300° F .
The re a c t io n  causes a lum ina  h y d ra te  in  the  b a u x ite  to  form  a d d it io n a l 
sodium a lu m in a te  in  the  l i q u o r .  A f te r  d ig e s t io n ,  l iq u o r  and muds a re  
sepa ra ted  by p rocess w a te r c o u n te r -c u r re n t  washers where 90% o f  the  
s tro n g  l iq u o r  is  re tu rn e d  to  th e  Bayer l iq u o r  s trea m . The rem a in ing  
Bayer l iq u o r  i s  taken  th ro u g h  a s e r ie s  o f  c o o lin g  w a te r hea t exchanges 
and fe d  to  p r e c ip i t a t o r s ,  w h ich a re  la rg e  ta n ks  h o ld in g  a p p ro x im a te ly  
200,000 g a llo n s  o f  l i q u o r .  The ta n ks  a re  p a r t i a l l y  f i l l e d  w ith  l iq u o r  
and then  seeded w ith  aluminum h y d ra te  seed p a r t ic le s .  P e r c ip i t a t io n  
causes a s o l id  a lum ina  t r ih y d r a te  to  be fo rm ed.
The course  h y d ra te  i s  moved th ro u g h  a tw o -s te p  c o u n te r -c u r re n t  
washing system  in  o rd e r to  f u r th e r  se p a ra te  h y d ra te  from  spen t l iq u o r .
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The spen t l iq u o r  i s  fe d  to  e v a p o ra to rs  where w a te r added in  th e  p ro ­
cess is  removed. T h is  c o n c e n tra te d  l iq u o r  can then  be reused in  the  
p ro c e s s .
The washed h y d ra te  i s  fed  to  c a lc i f y in g  k i ln s  where a l l  o th e r  
m o is tu re  is  d r ie d  o u t by tem p e ra tu res  o f  2100° F . The p ro d u c t w h ich 
is  d isch a rg e d  from  th e  k i l n  i s  a lu m in a . The a lum ina  ch em ica ls  a re  
then  s to re d  in  s i lo s  fo r  sh ipm en t.
W ater i s  e s s e n t ia l to  th e  a lum ina  ch em ica l p ro c e s s . I t  p ro v id e s  
b o i le r  w a te r f o r  p la n t  power g e n e ra tio n  as w e l l  as c o o lin g  w a te r f o r  
hea t exchangers in  the  Bayer p ro c e s s . Process w a te r i s  necessary  fo r  
mud p re p a ra t io n ,  l iq u o r  s e p a ra t io n ,  and p r e c ip i t a t io n .  A lum ina chem i­
c a l p la n ts  in te n s iv e ly  reuse t h e i r  w a te r because o f  v a lu a b le  ch e m ica ls  
w h ich  can be recove red  from  process w a te r and used a g a in  in  th e  
p ro c e s s .
Bromine
The brom ine in d u s t ry  i s  c o n c e n tra te d  near M agno lia  and E l Dorado 
in  th e  so u th e rn  and sou thw es te rn  s e c t io n s  o f  A rkansas. T h is  a rea  o f  
th e  s ta te  c o n ta in s  th e  second r ic h e s t  b rom ine fo rm a tio n  in  th e  w o r ld ,  
the  Smackover F o rm a tio n . B rom ina ted compounds a re  used in  a v a r ie t y  o f  
f i n a l  compounds, in c lu d in g  an a n tik n o c k  compound f o r  e th y l  g a s o lin e  
and flam e re ta rd a n ts  f o r  c lo th in g .
The p rocess f o r  e x t r a c t io n  o f  brom ine m o lecu les  i s  common on an 
in d u s try w id e  b a s is .  G e n e ra lly ,  sodium brom ide b r in e  i s  pumped o u t o f  
th e  h ig h ly  porous brom ine fo rm a tio n  and t r a n s fe r re d  to  a c o n ta in e r .  
P rocess w a te r i s  used to  produce steam w h ich  i s  in je c te d  a lo n g  w ith  
c h lo r in e  in to  th e  c o n ta in e r  h o ld in g  th e  sodium b rom ide . The sodium
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brom ide then  re a c ts  w ith  th e  steam and c h lo r in e  to  produce sodium 
c h lo r id e  ( s a l t ) .  The c h lo r in e  fre e s  th e  brom ine io n  w h ich in  tu rn  
jo in s  w ith  o th e r  brom ine io n s  to  form  a brom ine m o le c u le . The s t r u c ­
t u r a l  p ro p e r t ie s  o f  t h is  m o lecu le  a l lo w  to  jo in  w ith  a v a r ie t y  o f  
o th e r  e lem ents to  produce s e v e ra l chem ica l compounds.
Many o f  the  bomine p ro d u c t processes gen e ra te  extrem e amounts o f  
h e a t, e . g . ,  upon e x t ra c t io n  the  sodium brom ide b r in e  is  190° F . Much 
o f  the  w a te r used in  brom ine p la n ts  i s  fo r  c o o l in g .  A l l  p la n ts  in  
Arkansas used n o n -c o n ta c t c o o lin g  w a te r v ia  h ea t exchangers . C o o lin g  
w a te r i s  in te n s iv e ly  re c y c le d  th ro u g h  c o o lin g  to w e rs . Reuse is  bo th  
e c o n o m ic a lly  and e n v iro n m e n ta lly  im p o r ta n t .  W ater i s  d isposed  o f  
th ro u g h  in je c t io n  w e lls  back in t o  the  fo rm a t io n .  In  f a c t ,  in  some 
cases d is p o s a l w a te r may be used to  e x e r t  a d d i t io n a l  p re s s u re  on the  
b r in e  fo rm a t io n ,  th u s  m aking e x t ra c t io n  e a s ie r .  T h is  secondary 
re c o v e ry  method i s  somewhat s im i la r  to  the  w a te r in je c t io n  process 
employed by th e  pe tro le u m  in d u s t r y .
Summary
W ater i s  an im p o r ta n t in p u t  in  the  p ro d u c tio n  o f  paper and v a r io u s  
ch em ica ls  in  A rkansas. I t  i s  used and reused in  a v a r ie t y  o f  ways -  
r e f le c t in g  v a r io u s  le v e ls  o f  s o p h is t ic a t io n  f o r  th e  p ro d u c tio n  o f  
b o i le r  steam, f o r  c o o lin g  pu rposes, and in  p ro c e s s . Because o f  i t s  
m u lt ip le  uses p la n ts  c o u ld  respond in  a v a r ie t y  o f  ways to  in c re a s e s  
in  c o s t and te c h n o lo g y . S p e c i f ic a l ly  how th e y  have responded to  these 
changes i s  th e  s u b je c t  o f  th e  n e x t c h a p te r .
CHAPTER I I I
Water i s  used in  th e  i n d u s t r i a l  m an u fac tu rin g  p ro c e ss  in  a l l  th r e e  
g e n e ra l  s ta g e s  o f  p ro d u c tio n , i . e . ,  th e  p rocurem ent and p ro c e s s in g  o f  
in p u ts ,  and th e  d i s t r i b u t i o n  o f  o u tp u t .  L ike o th e r  n o n tr a n s fe ra b le  
in p u ts  used in  th e  p ro d u c tiv e  p ro c e s s , changes in  th e  r e l a t i v e  c o s t  o f  
w a ter shou ld  change th e  r e l a t i v e  amounts u se d . But becau se  o f  th e  
s p a t i a l  v a r i a t io n s  in  th e  c o s ts  o f  w a te r , th e s e  r e l a t i v e  p r ic e  changes 
can r e s u l t  a ls o  in  lo c a t io n a l  s h i f t s  o f  m ajor w a te r  u s in g  i n d u s t r i e s  
over tim e . As w a te r becomes in c r e a s in g ly  s c a rc e  and more c o s t l y  th e  
q u e s tio n  o f  w h e th er, and to  what e x te n t ,  i n d u s t r i e s  respond  th rough  
changes in  t h e i r  p ro d u c tiv e  p ro c e s s e s  a n d /o r  changes in  lo c a t io n  beco­
mes more im p o rta n t in  d e te rm in in g  th e  f u tu r e  grow th and developm ent o f  
many com m unities. The p u rpose  o f  t h i s  c h a p te r  i s  to  p ro v id e  an 
h i s t o r i c a l  p e r s p e c t iv e  on tem p o ra l and s p a t i a l  v a r i a t i o n s  in  w a te r use
and re u se  in  m ajor w ater u s in g  i n d u s t r i e s  to  d e te rm in e  th e  e x te n t  to
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which w ater u se  te ch n o lo g y  h a s , in  f a c t ,  been ch an g in g .
The b a s ic  d a ta  fo r  th e  a n a ly s is  i s  ta k en  from th e  U n ited  S ta te s  
Bureau o f  th e  Census on w a te r use  in  m an u fac tu rin g  f o r  th e  y e a r s  
1 9 5 4 , 1959, 1964, 1968, 1973, and 1978. The Census d a ta  in c lu d e  in f o r ­
m ation  on in ta k e  and g ro s s  w a te r u se  f o r  a l l  m an u fac tu r in g  e s t a b l i s h ­
m ents r e p o r t in g  ov er 20 m il l io n  g a l lo n s  o f  in ta k e  w a te r  p e r  y e a r .
W ater use in  m an u fac tu rin g  in  th e  U nited  S ta te s  in  c o n c e n tra te d  in  
fo u r tw o -d ig i t  i n d u s t r i e s ,  i . e . ,  p ap er (2 6 ) ,  ch em ica ls  (2 8 ) ,  p e tro leu m  
(2 9 ) , and p rim ary  m e ta ls  (3 3 ) ,  w hich in  1978 acco u n ted  fo r  n e a r ly  85
1
A s im i l a r ,  more d a te d , s tu d y  can be found in  Changing W ater Use 
in  S e le c te d  M anufactu ring  I n d u s t r i e s  by R obert A. Leone, J .  Royce 
G inn, An-Loh L in , NBER, 1974.
CHANGING WATER USE
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p e rc e n t  o f  w a ter w ith d raw a ls  by a l l  m ajor w a ter u s e r s  in  m anufac­
tu r i n g .  Only th e se  in d u s t r i e s  w i l l  be a n a s ly z e d .
In  a d d i t io n  to  in ta k e  (IW) and g ro s s  w a ter (GW) use two o th e r  
m easures w i l l  be used in  t h i s  a n a ly s i s .  In  o rd e r  to  c o r r e c t  fo r  th e  
e f f e c t s  o f  o u tp u t changes on w ater use  b o th  changes in  in ta k e  and 
g ro s s  w a ter w i l l  be a d ju s te d  by changes in  o u tp u t a s  m easured by r e a l
v a lu e  added , i . e . ,  nom inal v a lu e  added a d ju s te d  by th e  a p p ro p r ia te
2i n d u s t r i a l  w h o le sa le  p r ic e  in d e x . A nother m easure used in  t h i s  a n a ly ­
s i s  i s  th e  re u se  f a c to r  which in d ic a te s  th e  number o f  a d d i t io n a l  
tim es  a  g a l lo n  o f  in ta k e  w ater i s  reu sed  and i s  computed a s  th e  
d i f f e r e n c e  betw een g ro s s  and in ta k e  w a ter d iv id e d  by in ta k e  w a te r . 
G e n e ra lly , in c re a s in g  re u se  f a c to r s  in d ic a te  im provem ents in  w a ter use 
tech n o lo g y  b u t d e c re a s in g  f a c to r s  d o n 't  n e c e s s a r i ly  im ply th e  oppo­
s i t e .  For exam ple, th e  re u se  f a c to r  can d e c re a se  i f  a  s u b s t i t u t e  fo r  
w a te r i s  used in  th e  c o o lin g  p ro c e ss  b u t w a te r use  tech n o lo g y  i s  
im proved because  bo th  g ro s s  and in ta k e  w a te r use  would be red u ced .
N a tio n a l V a r ia t io n s  in  I n d u s t r i a l  W ater Use
As in d ic a te d  in  E x h ib it  3-1 th e re  i s  wide v a r i a t io n  in  th e  use o f  
in ta k e  w a te r p e r d o l l a r  o f  r e a l  v a lu e  added among th e  two d i g i t  
in d u s t r i e s  and a ls o  w ith in  each in d u s try  g ro u p in g . M oreover, t h i s  
r a t i o  d e c lin e d  a lm o st w ith o u t e x c e p tio n  betw een 1954 and 1973. In 
a n a ly z in g  th e  l a t t e r  phenomenon i t  i s  u s e f u l  to  th in k  o f  IW/VA a s  th e  
p ro d u c t o f  GW/VA and IW/GW, where GW e q u a ls  g ro s s  w a te r , GW/VA
2 The 1978 d a ta  does n o t in c lu d e  v a lu e-ad d ed  by m anufactu re  fo r  
each  o f  th e  w a ter u s in g  i n d u s t r i e s .  C o n sequen tly , some o f  th e  
fo llo w in g  a n a ly s is  i s  l im ite d  to  th e  1954-1973 tim e p e r io d .
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EXHIBIT 3-1
In ta k e  W ater P e r R eal D o lla r  V alue Added, 
S e le c te d  U.S. I n d u s t r ie s
SIC INDUSTRY 1954 1959 1964 1968 1973
26 PAPER
2611 P u lp m ills
2621 P a p e rm ills , Except B u ild in g  
paper
2631 Paperboard  M ills
28 CHEMICAL
2812 A lk a lie s  and C h lo rine
2815 C yclic  In te rm e d ia te s  and Crudes
2818 I n d u s t r i a l  O rgan ic , N.E.C.
2819 I n d u s t r i a l  In o rg a n ic , N .E.C. 
2821 P la s t i c s  M a te r ia ls  and R esins
2823 C e l lu lo s ic  Manmade F ib e rs
2824 O rganic F ib e r s ,  N o n c e llu lo s ic  
2871 F e r t i l i z e r s
29 PETROLEUM
2911 Petro leum  R efin ing
33 PRIMARY METALS
3312 B la s t Furnaces and S te e l  M ills
3313 E le c tro m e ta l lu rg a l  P ro d u cts  
3334 Prim ary Aluminum
5201
NA
NA
NA
439
1610
NA
NA
2601
21
94
48
432
721
611
339
309
1443
766
491
1255
600
624
338
1515
312
801
453
142
424
121
392
434
517
251
443
1403
401
512
716
625
538
304
1362
207
701
318
195
428
108
631
427
428
373
516
NA
393
458
1207
529
523
277
1000
227
631
292
162
362
129
487
306
312
347
486
1811
257
424
1139
544
446
202
903
NA
NA
190
109
NA
127
NA
399
408
370
531
NA
225
Source: U.S. Departm ent o f Commerce, Bureau of th e  Census, Census of
M an u fac tu re rs , W ater Use in  M an u fac tu rin g , 1954, 1959, 1964, 1968, 
1973 e d i t io n s .
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3m easures th e  p r o d u c t iv i ty  o f  w a ter3 and IW/GW m easures th e  in t e n s i t y  
o f  w a ter r e c i r c u l a t i o n .  As shown in  E x h ib it  3-2 th e  GW/VA r a t i o s  have 
d e c lin e d  g e n e r a l ly  in  th e  p a p e r , ch em ica l, and p e tro leu m  in d u s t r i e s ,  
and in c re a se d  in  th e  p rim ary  m e ta ls  in d u s try  between 1954 and 1968 o r ,  
p u t somewhat d i f f e r e n t l y ,  w a ter has become more p ro d u c tiv e  as an in p u t 
in  th e  form er in d u s t r i e s  and l e s s  p ro d u c tiv e  in  th e  l a t t e r  in d u s try .  
C u rio u s ly , th e  GW/VA r a t i o s  in c re a se d  in  a l l  tw o -d ig i t  in d u s t r i e s  b e t ­
ween 1968 and 1973.
Between 1954 and 1978 th e  r a t i o  o f  IW/GW d ec rea sed  co n tin u o u s ly  
fo r  a lm ost every  in d u s try  l i s t e d  in  E x h ib it  3 -3 . T h is downward tre n d  
i s  much more e v id e n t th an  i t  was fo r  th e  GW/VA r a t i o ,  and in d ic a te s  
th e  in c re a s e  in  economic and te c h n o lo g ic a l  f e a s i b i l i t y  o f  r e c i r ­
c u la t in g  w a te r in  th e  p ro d u c tiv e  p ro c e s s . R e c irc u la t io n  was g r e a te s t  
in  th e  p e tro leu m  in d u s try  due, in  la rg e  p a r t ,  to  i t s  e x te n s iv e  use o f  
w a ter fo r  c o o lin g  p u rp o se s . R e c irc u la t io n  a ls o  was h igh  in  th e  paper 
in d u s try  b u t most p ro b ab ly  fo r  d i f f e r e n t  re a so n s , i . e . ,  pu lp  m i l l s  in  
p a r t i c u l a r  use  r e l a t i v e l y  expensive  chem ica ls  w hich, when re c o v e re d , 
a llo w  fo r  th e  re u se  o f  w a te r . The re u se  o f  w ater was r e l a t i v e l y  low 
in  th e  chem ical in d u s try  which n o t on ly  te n d s  to  use  a la rg e  amount o f  
w a ter fo r  c o o lin g  b u t a ls o  ten d s  to  use  c o n s id e ra b le  amounts in  p ro ­
c e s s in g  and in  th e  f i n a l  p ro d u c t. Q u ite  o b v io u sly  th e  l a t t e r  two uses 
tend  to  low er th e  amount o f  r e c i r c u l a t i o n .
3
G ross w ater i s  th a t  amount o f  w a ter re q u ire d  i f  no w ater was 
reu sed  in  th e  p ro d u c tio n  p ro c e ss  and e n te r s  th e  p ro d u c tio n  fu n c tio n  as 
an in p u t .  Thus, th e  r e c ip r o c a l  o f  g ro s s  w a ter p e r d o l l a r  o f  r e a l  
va lu e-ad d ed  (where r e a l  v a lu e  added i s  used a s  a proxy fo r  o u tp u t)  
s ta n d s  fo r  th e  p ro d u c t iv i ty  o f  w a te r .
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EXHIBIT 3-2
G ross W ater P e r  R ea l D o lla r  Value-Added 
S e le c te d  U .S. I n d u s t r i e s
SIC INDUSTRY 1954 1959 1964 1968 1973
26 PAPER
2611 P u lp m ills
2621 P a p e rm ills ,  Except B u ild in g  
p ap er
2631 P aperb o ard  M ills
28 CHEMICAL
2812 A lk a lie s  and C h lo rin e
2815 C y c lic  In te rm e d ia te s  and Crudes
2818 I n d u s t r i a l  O rg an ic , N .E.C .
2819 I n d u s t r i a l  In o rg a n ic , N .E.C. 
2821 P l a s t i c s  M a te r ia ls  and R esin s
2823 C e l lu lo s ic  Manmade F ib e rs
2824 O rganic F ib e r s ,  N o n c e llu lo s ic  
2871 F e r t i l i z e r s
29 PETROLEUM
2911 P e tro leu m  R efin in g
33 PRIMARY METALS
3312 B la s t  Furnaces and S te e l  M ills
3313 E le c t ro m e ta l lu rg a l  P ro d u c ts  
3334 P rim ary  Aluminum
13363
NA
NA
NA
783
1798
NA
NA
5535
21
171
174
523
2146
2044
434
390
1765
993
1532
3705
1853
2048
545
1692
552
1175
1051
332
851
188
654
1903
2276
384
677
1520
690
1491
2288
1699
1719
592
1620
530
1363
837
420
657
228
1212
1877
1895
553
746
NA
669
1326
3623
1383
1759
583
1486
498
1168
813
351
781
318
2029
1563
1589
539
734
1944
644
1425
4112
1634
1811
1110
1208
NA
NA
583
921
NA
335
NA
2537
2579
662
887
NA
924
Source: U.S. D epartm ent o f Commerce, Bureau o f th e  C ensus, Census o f
M a n u fa c tu re rs , W ater Use in  M an u fac tu rin g , 1954, 1959, 1964, 1968, 
1973 e d i t io n s
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EXHIBIT 3-3
R a tio  o f In ta k e  to  G ross W ater U se, 
S e le c te d  U .S. I n d u s t r ie s
SIC INDUSTRY 1954 1959 1964 1968 1973 1978
26 PAPER
2611 P u lp m ills
2621 P a p e rm il ls ,  Except B u ild in g  
p ap er
2631 P aperb o ard  M ills
28 CHEMICAL
2812 A lk a lie s  and C h lo rin e
2815 C y c lic  In te rm e d ia te s  & Crudes
2818 I n d u s t r i a l  O rg an ic , N .E.C.
2819 I n d u s t r i a l  In o rg a n ic , N .E.C . 
2821 P l a s t i c  M a te r ia ls  & R esin s
2823 C e l lu lo s ic  Manmade F ib e rs
2824 O rgan ic  F ib e r s ,  N o n c e llu lo s ic  
2871 F e r t i l i z e r s
29 PETROLEUM
2911 P e tro leu m  R efin in g
33 PRIMARY METALS
3312 B la s t  F u rnaces & S te e l  M ills
3313 E le c t ro m e ta l lu rg a l  P ro d u c ts  
3334 P rim ary  Aluminum
.43
.39
NA
NA
.63
.91
.75
.70
.47
.55
.55
.28
.83
.30
.30
.78
.77
.90
.68
.32
.34
.32
.31
.62
.90
.57
.68
.43
.43
.50
.65
.60
.23
.23
.65 
. 66 
.92  
.58
.34
.31
.37
.31
.51
.84
.39
.52
.38
.46
.65
.47
.52
.23
.23
.68
.69
NA
.59
.34
.33
.38
.30
.48
.44
.38
.54
.36
.46
.46
.41
.24
.20
.20
.64
.66
.93
.40
.30
.28
.33
.25
.38
.75
NA
NA
.33
.28
NA
.38
NA
.16
.16
.56
.60
NA
.24
.19
.35
.14
.21
.35
.51
NA
NA
.56
.19
.58
.30
NA
.14
.14
.52
.61
NA
.52
Source: U .S. D epartm ent o f Commerce, Bureau o f th e  C ensus, Census of
M a n u fa c tu re rs , W ater Use in  M an u fac tu rin g , 1954, 1959, 1964, 1968, 
1973 and 1978 e d i t io n s .
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In  a n a ly z in g  th e  r e l a t i v e  im p o rtan ce  o f  th e  GW/VA and IW/GW r a t i o s  
in  in f lu e n c in g  th e  use  o f  in ta k e  w a te r p e r d o l l a r  o f  v a lu e  added i t  i s  
u s e f u l  to  examine changes betw een 1954-1968 and 1968-1973. In  th e  
form er tim e p e r io d  i t  a p p ea rs  th a t  th e  r e l a t i v e  im p o rtan ce  o f  bo th  
f a c to r s  v a r ie d  among th e  p a p e r , c h em ica l, and p e tro leu m  in d u s t r i e s  b u t 
th a t  GW/VA e x e r te d  th e  dom inant in f lu e n c e  in  th e  p rim ary  m e ta ls  
in d u s t r y .  D uring th e  l a t t t e r  tim e p e r io d  GW/VA ap p eared  to  be th e  
dom inant f a c to r  in  in f lu e n c in g  th e  amount o f  in ta k e  w a te r in  a l l  tw o- 
d i g i t  in d u s try  g roups and in  most f o u r - d i g i t  i n d u s t r i e s .
R eg ional V a r ia t io n s  in  I n d u s t r i a l  W ater Use
W ater i s  c o n c e n tra te d  n o t on ly  w ith in  a  few i n d u s t r i e s  b u t a ls o  
w ith in  re g io n s  fo r  d i f f e r e n t  ty p e s  o f  i n d u s t r i e s .  M oreover, th e re  a re  
wide v a r i a t io n s  among th e  re g io n s  in  th e  use o f  b o th  in ta k e  and g ro s s  
w a ter p e r d o l l a r  o f  v a lu e  added w ith in  each  m ajor in d u s t ry  g ro u p . As 
shown in  E x h ib it  3 -4 , fo r  exam ple, IW/VA v a r ie d  from 31 in  th e  
M isso u ri re g io n  to  1651 in  th e  A rkansas r e g io n . A c lo s e r  ex am in a tio n  
o f  th e  t a b le  w i l l  r e v e a l  s im i la r  v a r i a b i l i t y  in  o th e r  i n d u s t r i e s .  As 
e x p e c te d , t h i s  r a t i o  d e c lin e d  in  a l l  i n d u s t r i e s  over th e  p a s t  te n  
y e a rs  b u t r e s u l t s  v a r ie d  by re g io n .
One way in  which th e s e  r e d u c tio n s  in  in ta k e  w a te r have been 
ach iev ed  i s  th ro u g h  th e  in c re a s e d  r e c i r c u l a t i o n  o f  w a te r . As shown in  
E x h ib it  3-5 th e  l e v e l s  o f  w a te r re u se  in  1978 ten d ed  to  be h ig h e r  fo r  
th e  p e r tro le u m  in d u s try  and low er fo r  p rim ary  m e ta ls ,  h ig h e r  in  w a te r 
s c a rc e  re g io n s  and low er e lse w h e re . These re u se  r a t i o s  in d ic a te  th e  
a d d i t io n a l  in ta k e  w a te r n e c e ssa ry  to  m a in ta in  th e  e x i s t in g  l e v e l  o f  
p ro d u c tio n  in  th e  absence  o f  any r e c i r c u l a t i o n  e . g . ,  th e  r a t i o  o f
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EXHIBIT 3-4
R eg ional V a r ia t io n s  in  In ta k e  W ater P e r 
R eal D o lla r  o f V alue-Added, S e le c te d  
Two D ig it  I n d u s t r ie s
REGION IW/VA -  1973 IW/VA -  1973 ÷ 196426 28 29 33 26 28 29 33
New England 
Mid A t la n t ic  
South  A t la n t ic  
G reat Lakes 
Ohio
Tennessee
Upper M is s is s ip p i
Lower M is s is s ip p i
M isso u ri
A rkansas
Texas G ulf
Lower C olorado
G reat B asin
C a l i f o r n ia
Columbia
U n ited  S ta te s
675
253
461
228
217
420
210
360
31
1651
405
NA
NA
379
667
424
148
86
130
143
204
324
91
659
62
91
369
146
643
69
280
202
92
1820
91
374
185
NA
120
783
199
97 
NA 
NA
98 
269
65
399
63
336
120
517
362
137
104
NA
116
441
NA
78
108
66
186
370
1.065
.618
.684
.389
1.028
.792
.504
.897
.160
1.526
NA
NA
NA
1.388
.813
.827
.731 
.653 
. 660 
.558 
.511 
.952 
.732 
1.139 
.159 
.334 
.479 
NA 
NA 
.634 
1 .551 
.665
NA
NA
.448
1.723
.722
NA
1 .111
.738
NA
1.047
NA
NA
NA
.845
.772
.934
.564
.934
.612
1.181
.857
1.278
.353
NA
.997
NA
NA
.646
1.161
1.589
1.186
.992
Source: U .S. D epartm ent o f Commerce, Bureau o f th e  C ensus, Census o f
M a n u fa c tu re rs , W ater Use in  M an u fac tu rin g , 1954, 1959, 1964, 1968, 
1973 e d i t io n s .
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EXHIBIT 3-5
R eg io n a l V a r ia t io n s  in  W ater Reuse 
R a t io s ,  S e le c te d  Two D ig it  
I n d u s t r ie s
REGION
Reuse R a tio  -  1964 Reuse R a tio  -  1978
26 28 29 33 26 28 29 33
New England 
Mid A t la n t ic  
South A t la n t ic  
G reat Lakes 
Ohio
Tennessee
Upper M is s is s ip p i
Lower M is s is s ip p i
M isso u ri
A rkansas
Texas G ulf
Lower C olorado
G reat B asin
C a l ifo rn ia
Columbia
U n ited  S ta te s
1 .196
3 .271
1.799
1 .290
2.259
1.133
1.082
1.719
4 .000
4 .757
NA
NA
NA
3.500
1.935
1 .910
.328
.432
1.157
.438
.681
.694
1.516
1.252
2.429
10.656
.881
NA
NA
2.639
1.167
.948
NA
1.337
11.600
1.332
6.355
NA
12.411
1.541
NA
18.607
5.504
9 .000
8.500
3.064
17.000
3.407
.381
.285
1.770
.318
.335
2 .600
.788
NA
.643
NA
1.238
8.455
6 .000
10 .071
.395
.481
.501
NA
3.345
2.187
8.977
4.465
1.137
1 .210
NA
21.649
10.078
NA
NA
4.774
3.105
4 .298
NA
1.079
3.045
.730
.976
1.162
1.364
1.922
28.561
4.683
2.937
NA
NA
4.471
.383
1.889
.667
1 .201
12.738
2 .368
9.342
.573
23 .310
2 .893
22 .306
6 .121
13.599
NA
21.619
5 .303
NA
5.982
NA
NA
3.667
.636
.491
7.263
1 .111
NA
7.650
1.176
NA
8.392
NA
.809
.251
.910
Source: U.S. D epartm ent o f  Commerce, Bureau o f th e  C ensus, Census o f M a n u fa c tu re rs , 
W ater Use in  M an u fac tu rin g , 1954, 1959, 1964, 1968, 1978 e d i t i o n s .
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4 .298 f o r  th e  pap er in d u s try  in  1978 in d ic a te s  th a t  an a d d i t io n a l  
in ta k e  o f  4 .298 g a l lo n s  o f  w ater would be re q u ire d  f o r  each g a llo n  
a c tu a l ly  w ithdraw n in  o rd e r  to  s a t i s f y  g ro s s  w ater needs in  th e  
absence  o f  r e c i r c u l a t i o n .  As e x p ec te d , th e  re u se  o f  w a ter in c re a se d  
a lm o st w ith o u t e x c e p tio n  a c ro s s  in d u s t r i e s  and re g io n s  betw een 1964 
and 1978. U n like  th e  use  o f  in ta k e  w ater p e r d o l l a r  o f  v a lu e  added, 
th e  use o f  g ro s s  w a ter changed very  l i t t l e  over th e  p a s t  decade as  
shown in  E x h ib it  3 -6 . O bviously  th e  observed  in c re a s e  in  r e c i r ­
c u la t io n  has been th e  m ajor f a c to r  re s p o n s ib le  fo r  th e  re d u c tio n  in  
th e  u se  o f  i n d u s t r i a l  in ta k e  w a te r .
I n d u s t r i a l  W ater Use in  A rkansas
The a n a ly s is  o f  i n d u s t r i a l  w a ter use  in  A rkansas i s  l im ite d  by a 
g e n e ra l  la c k  o f  d a ta .  P rim ary  d a ta  so u rc e s  in c lu d e  th e  U nited  S ta te s  
G e o lo g ica l Survey and th e  U n ited  S ta te s  Bureau o f  th e  C ensus, b u t only  
th e  Census d a ta  i s  d is a g g re g a te d  by in d u s t r y .  However, even t h i s  d a ta  
i s  n o t c o n s is te n t  over tim e , p re c lu d in g  an e x te n s iv e  tim e s e r i e s  an a ly ­
s i s .  The in fo rm a tio n  which i s  a v a i l a b le  and w i l l  p e rm it com parisons 
w ith  n a t io n a l  and r e g io n a l  d a ta  i s  p re s e n te d  in  E x h ib it  3 -7 .
An exam in a tio n  o f  t h i s  d a ta  r e v e a l  s e v e ra l  im p o rtan t p o in ts .
F i r s t ,  w h ile  th e  re u se  r a t i o  d e c lin e d  fo r  a l l  i n d u s t r i e s  from 7 .09  in  
1968 to  1 .84 in  1973, i t  was th e  r e s u l t  o f  a  d e c re a se  in  IW/VA which 
exceeded th e  d e c re a se  in  GW/VA. As no ted  e a r l i e r ,  a d e c rea se  in  th e  
re u se  r a t i o  can n o t be in te r p r e te d  unam biguously as  a d e c rea se  in  th e  
e f f ic ie n c y  o f  w a te r u s e . In  A rkansas th e  d e c rea se  in  th e  r a t i o  was 
accom panied by an in c re a s e  in  w a ter use  e f f i c i e n c y .  Second, th e  use 
o f  w a ter in  th e  p ro d u c tio n  p ro c e ss  v a r ie s  w idely  among in d u s t r i e s  in
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EXHIBIT 3 -6
R e g io n a l V a r ia t io n s  in  Gross W ater P er 
R ea l D o l la r  o f  V a lue -A dded, S e le c te d  
Two D ig i t  I n d u s t r ie s
REGION GW/VA -
1973 GW/VA -  1973 ÷ 1964
26 28 29 33 26 28 29 33
New England 
Mid A t la n t ic  
South A t la n t i c  
G reat Lakes 
Ohio
Tennessee
Upper M is s is s ip p i
Lower M is s is s ip p i
M is s o u r i
Arkansas
Texas G u lf
Lower C o lorado
G rea t B asin
C a l i fo r n ia
Columbia
U n ite d  S ta te s
1256
754
1716
702
685
1935
573
1041
112
448
3075
NA
NA
2294
2557
433
153
188
653
280
44
624
254
1428
418
1091
1275
505
778
332
559
202
126
4220
1398
1363
1746
NA
1849
3926
1462
2561
NA
NA
9990
1564
1516
399
102
479
666
775
609
350
392
NA
168
893
NA
513
858
261
463
370
1.132
.429
.913
.629
.992
1.705
.659
.945
.116
.265
NA
NA
1.875
1.062
NA
NA
.569
.996
1.535
.748
.066
1.083
.808
1.017
1.202
.343
.826
NA
NA
.869
1.429
NA
NA
2.087
.554
.960
.927
NA
1.273
2.672
NA
1.409
NA
NA
11.570
1.209
1.712
NA
.670
1.038
1.232
1.343
1.079
.904
.741
NA
.876
NA
NA
.507
1.313
.572
2.121
NA
Source: U .S. Departm ent o f  Commerce, Bureau o f  th e  Census, Census o f
M a n u fa c tu re rs , W ater Use in  M a n u fa c tu r in g , 1964 and 1973 e d i t io n s ,
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EXHIBIT 3-7
I n d u s t r i a l  Water Use in  
the  S ta te  o f  Arkansas
S . I .C .
INDUSTRY
1973 1968
I W/VA GW/VA
REUSE
RATIO IW/VA GW/VA
REUSE
RATIO
20
22
24
25
26 
28
29
30
31
32
33
34 
36
ALL
69.6
45.3 
159.6
9.4
340.3
114.8
51.7
13.3
26.4
55.4 
20.9
NA
5.1
91.5
120.6
59.5
176.4
9 .4  
1128.5
252.9 
1206.9
64.0
143.4 
161.7
23.9
NA
9.4
259.9
0.73
0 .31
0.11
0.00
2.32
1.21
22.33
2 .80
4.50
1.92
0.10
NA
0.86
1.84
80.0
NA
56.3
NA
347.2
76.2 
NA 
NA 
NA
35.2 
NA
19.2 
9 .2
106.7
97.9
NA
95.2 
NA
3147.0
486.7 
NA 
NA 
NA
55.3 
NA
19.2
11.1
864.7
0.22
NA
0.69
NA
8.06
5.39
NA
NA
NA
0.57
NA
0.00
0.20
7.09
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Arkansas in  term s o f  im po rtance  in  th e  p ro d u c tiv e  p rocess  and a ls o  
in t e n s i t y  o f  r e c i r c u la t io n .  W ater i s  an im p o r ta n t in p u t  in  th e  pap e r, 
c h e m ic a l, and p e tro le u m  r e f in in g  in d u s t r ie s  as ev idenced  by th e  h ig h  
r a t io s  o f  GW/VA in  1973. However, th e re  does n o t appear to  be a p o s i­
t i v e  r e la t io n s h ip  between GW/VA and th e  reuse  r a t i o .  The low  reuse 
r a t i o  f o r  th e  ch em ica l in d u s t r y  m ig h t be e x p la in e d  in  p a r t  by th e  fa c t  
th a t  much o f  th e  w a te r i s  consumed as p a r t  o f  th e  ch e m ica ls  and cannot 
be reused (see C hapter I I ) .
The paper and ch em ica l in d u s t r ie s  a re  th e  two la r g e s t  use rs  o f  
w a te r in  th e  s ta te .  They used 48 .2  and 10.8 b i l l i o n  g a llo n s  o f  in ta k e  
w a te r r e s p e c t iv e ly  in  1973, w h ich re p re s e n te d  72 p e rc e n t o f  th e  s ta te  
t o t a l  o f  8 1 .9 . By n a t io n a l s ta n d a rd s  Arkansas i s  n o t a m a jo r u se r o f  
w a te r f o r  in d u s t r i a l  pu rpo ses , b u t th e  a v a i la b le  ev idence  suggests  
th a t  w a te r i s  used more e f f i c i e n t l y  in  th e  p ro d u c tio n  p rocess  than  i t  
is  n a t io n a l ly  f o r  th e  paper and ch em ica l in d u s t r ie s .  A com parison o f  
E x h ib its  3 -4 , 3 -6 , and 3-7 shows th a t  in  1973, A rkansas ch e m ica l f irm s  
used 114.8 g a llo n s  o f  w a te r to  produce one d o l la r  o f  r e a l  va lue -added  
w h ile  th e  n a t io n a l average was 202. The re s p e c t iv e  f ig u r e s  f o r  th e  
paper p la n ts  was 340.3  fo r  A rkansas f irm s  and 424 f o r  U .S . f i r m s .  I t  
shou ld  be noted th a t  these  f ig u r e s  do n o t unam biguously s u p p o rt the  
h y p o th e s is  th a t  A rka n sa s ' chem ica l and paper p la n ts  use w a te r more 
e f f i c i e n t l y  than  s im i la r  U .S . f irm s  in  te rm s o f  lo w e r r a t io s  o f  IW/VA. 
The r a t io s  co u ld  be the  r e s u l t  o f  a d i f f e r e n t  c o m p o s itio n  o f  f irm s  
w h ich is  n o t p ic k e d  up a t  the  two d i g i t  in d u s t r y  le v e l .  However, even 
when A rkansas f irm s  a re  compared to  f irm s  w i th in  th e  Lower M is s is s ip p i 
re g io n  where most o f  the  paper and ch e m ica ls  a re  p roduced , Arkansas 
f irm s  used le s s  IW/VA in  1973.
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C onc lus ions
The da ta  p resen ted  h e re , even though h ig h ly  agg rega ted , make c le a r  
th a t  th e re  has been a s ig n i f ic a n t  amount o f  te c h n o lo g ic a l change which 
has o ccu rre d  s in ce  1954 when the  f i r s t  w a te r use census was ta ke n .
T h is  o b s e rv a tio n  suggests  th a t  m a rg in a l sho rtages  o f  w a te r can be 
to le r a te d  by the  m a jo r w a te r u s in g  in d u s t r ie s .  S u b je c t to  te c h ­
n o lo g ic a l and economic c o n s t r a in ts .  F u r th e r ,  th e re  i s  l i t t l e  q u e s tio n  
th a t  f irm s  respond to  changes in  w a te r c o s ts  and te ch n o lo g y  and th a t  
t h is  response is  s ig n i f ic a n t  bo th  ove r tim e  and a t  any one p o in t  in  
t im e .
These o b s e rv a tio n s  suggest th a t  p re d u c tio n s  o f  fu tu re  demands fo r  
in d u s t r ia l  w a te r shou ld  in c o rp o ra te  fa c to rs  w h ich account f o r  th e  
a b i l i t y  o f  in d u s t r ie s  to  respond to  c o s t and te c h n o lo g ic a l changes. 
A lth o u g h  in d u s t r ia l  w a te r demand fo re c a s t in g  has moved in  t h is  d ir e c ­
t io n  d u r in g  th e  p a s t decade i t  is  l i k e l y  th a t  in d u s t r ia l  w a te r demand 
p re d ic te d  on the  b a s is  o f  c u r re n t  p r ic e  response c o e f f ic ie n ts  w i l l  
tend to  o v e rs ta te  a c tu a l fu tu re  demands to  the  e x te n t th a t  fu tu re  
te ch n o lo g y  co n tin u e s  in  th e  w a te r sav ing  d i r e c t io n .  W hile  t h is  type  
o f  m ethodology i s  an improvemment ove r p re v io u s  te c h n iq u e s , fu tu re  
e f f o r t s  shou ld  be d ire c te d  tow ard a f u l l e r  e la b o ra t io n  o f  in d u s try  
response to  changes in  te ch n o lo g y  and in p u t  p r ic e s .
CHAPTER IV
In  many in s ta n c e s , heavy w a te r u s in g  f irm s  use w a te r from  a s e l f -  
s u p p lie d  source  such as a nearby la k e ,  r i v e r ,  o r  w e l l ,  and do n o t 
purchase i t  from  any p r iv a te  o r  p u b lic  so u rce ; s e l f - s u p p l ie d  f irm s  do 
n o t pay a m arket de te rm ined  p r ic e .  The absence o f  a m arke t p r ic e  
ra is e s  a prob lem  in  e s t im a t in g  in d u s t r i a l  w a te r demand fu n c t io n s ,  i . e . ,  
a w a te r demand fu n c t io n  cannot be e s tim a te d  w ith o u t  know ledge o f  w a te r 
p r ic e s .  The purpose o f  t h is  c h a p te r i s  to  re v ie w  and a n a lyze  p re v io u s  
in d u s t r ia l  w a te r demand s tu d ie s  to  de te rm in e  how o th e r  a u th o rs  t re a te d  
t h is  and o th e r  e s t im a t io n  p rob lem s. T h is  in fo rm a t io n  w i l l  be used to  
deve lop  and e s tim a te  th e  w a te r demand models d iscussed  in  th e  n e x t two 
c h a p te rs .
The use o f  c o s t as a p r ic e  p ro xy  v a r ia b le  f in d s  i t s  ro o ts  in  a 
1958 a r t i c l e  by E. F . Renshaw1  who h yp o th e s iz e d  th a t  th e  va lu e  o f  
w a te r in  th e  in d u s t r i a l  p ro d u c tio n  p rocess  was based upon th e  c o s t o f  
w a te r pe r a c r e - fo o t  in  in d u s t ry  and e s tim a te d  th a t  dom estic  w a te r had 
the  h ig h e s t v a lu e  p e r a c re - fo o t  ($ 2 .6 3 ) ,  w ith  in d u s t r i a l  w a te r ranked 
second ($ 1 .0 5 ) .  The m a jo r f la w  in  th e  Renshaw s tu d y  i s  th e  f a c t  th a t  
o n ly  m u n ic ip a l c o s t sources were c o n s id e re d . Because s e l f - s u p p l ie d  
in d u s t r ia l  w a te r sources were no t c o n s id e re d , i t  i s  l i k e l y  th a t  an 
upward b ia s  e x is te d  in  the  e s tim a te  o f  th e  a c r e - fo o t  c o s t o f  
in d u s t r ia l  w a te r . In  most cases, in d u s t r ia l  f irm s  can s u p p ly  t h e i r
PREVIOUS INDUSTRIAL WATER DEMAND STUDIES
1 E. F . Renshaw, "V a lue  o f  an A c re -F o o t o f  W a te r,"  J o u rn a l o f  
A m e ric a l W ater Works A s s o c ia t io n , 1958.
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own w a te r in p u ts  more ch ea p ly  than  th e y  can purchase w a te r from  some
m u n ic ip a l sou rce , e . g . ,  da ta  from  the  N a tio n a l A s s o c ia t io n  o f
M a n u fa c tu re rs  in d ic a te s  th a t  w a te r d e r iv e d  s e l f - s u p p l ie d  systems c o s ts
between one and f i f t e e n  cen ts  per thousand g a llo n s  w h ile  w a te r
purchased from  u t i l i t y  companies averages te n  to  t h i r t y  c e n ts  per 
thousand g a l lo n s .2
In  a 1966 s tu d y , Kaufman and N a d le r ana lyzed  th e  r e s u lt s  o f  a
com prehensive s tu d y  on m in e ra l in d u s t ry  w a te r use. They hypo the s ized
th a t  th e re  was an in v e rs e  r e la t io n s h ip  between new w a te r use and the
p r ic e  o f  w a te r , b u t t h e i r  r e s u lt s  in d ic a te d  th e re  was no such r e la -
t io n s h ip .  R egress ion  a n a ly s is  re v e a le d  an R2 o f  .44 fo r  th e  exp lana ­
t io n  o f  th e  v a r ia t io n  o f  t o t a l  w a te r use due to  th e  amount o f  p ro ­
cessed crude m a te r ia l .  T h is  im p lie d  th a t  water was n o t co ns ide red  to  
be a s ig n i f ic a n t  p o r t io n  o f  t o t a l  in p u t  c o s ts .  The m a jo r weakness o f
the  Kauflnan and N a d le r s tu d y , l i k e  th a t  o f  Renshaw, i s  the  use o f  the
3
p r ic e  o f  purchased w a te r as th e  p r ic e  v a r ia b le  in  th e  m odel. S ince 
much o f  in d u s t r ia l  w a te r i s  s e l f - s u p p l ie d ,  a m u n ic ip a l w a te r m arket 
p r ic e  may be in a p p ro p r ia te .
One o f  the  most com prehensive s tu d ie s  o f  in d u s t r ia l  w a te r demand 
e s t im a t io n  can be found in  a 1966 a r t i c l e  by B la i r  T . Bower, who exa­
mined some o f  the  independen t v a r ia b le s  needed to  de te rm ine  an
2
Everard  M. L o f t in g  and H. C ra ig  D a v is , "Methods fo r  E s t im a tin g  
and P ro je c t in g  W ater Dmands f o r  W ater-Resources P la n n in g ,"  C lim a te , 
C lim a t ic  Change, and W ater S u p p ly , N a tio n a l Academy o f  S c ience s , 1977, 
p . 53.
3
L o f t in g  and D a v is , p . 53.
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in d u s t r i a l  w a te r demand fu n c t io n .4  H is  a r t i c l e  suggested th a t  th e  
w a te r u t i l i z a t i o n  p a t te rn  f o r  a g iv e n  p ro d u c tio n  u n i t  was s u b je c t  to  
s e v e ra l fa c to r s  c o n ta in e d  in  a j o i n t  fu n c t io n  w h ich  in c lu d e d  v a r ia b le s  
on w a te r in ta k e ,  w a te r r e c i r c u la t io n ,  te c h n o lo g y  o f  th e  p ro d u c tio n  p ro ­
c e ss , th e  p h y s ic a l la y o u t  o f  th e  p la n t ,  and a v a i l a b i l i t y  o f  p la c e s  fo r
5
f i n a l  d is p o s a l o f  w a s tes .
Bower a ls o  observed  some o f  the  s p e c i f ic  r e la t io n s h ip s  w h ich  e x is t  
between th e  c o s t o f  in ta k e  w a te r and th e  le v e l  o f  r e c i r c u la t io n  in  th e  
p ro d u c tio n  p ro c e s s . He found th a t  th e  most common response f o r  an 
in c re a s e  in  th e  c o s t o f  in ta k e  w a te r was an in c re a s e  in  th e  le v e l  o f  
r e c i r c u la t i o n . 6 Bower a ls o  examined th e  r e c i r c u la t io n  c o s t cu rve  
s t r u c tu r e s  w h ich  fa ce  heavy w a te r u s in g  in d u s t r ie s .  He h y p o th e s iz e d  
th a t  fo u r  p r im a ry  fa c to r s  c o n tr ib u te d  most to  r e c i r c u la t io n  c o s ts :
(1 ) th e  c o m p le x ity  o f  th e  p ro d u c tio n  p rocess  in  te rm s o f  component 
p rocesses and u n i t s  in v o lv e d ,  (2 ) th e  s p a t ia l  la y o u t  o f  th e  p ro d u c tio n  
p ro c e s s , (3 )  th e  range o f  p ro d u c ts  w i th in  th e  p la n t ,  and (4 )  th e
e x te n t  o f  w a te r q u a l i t y  d e g ra d a tio n  in  th e  p ro d u c tio n  p ro c e s s .7  On 
th e  b a s is  o f  d a ta  from  th e  m in in g  and p e tro le u m  r e f in in g  in d u s t r ie s ,  
Bower conc luded  th e  f irm s  w ith  r e la t i v e ly  com plex p ro d u c tio n  p ro ­
cesses, la rg e  s p a t ia l  la y o u ts ,  and a la rg e  range o f  p ro d u c ts  were
4 B la i r  T . Bower, "The Economics o f  I n d u s t r ia l  W ater U t i l i z a t i o n , "  
W ater R esearch , A .V . Kneese and S .C . S m ith , e d s . ,  Resources f o r  th e  
F u tu re , In c .  (1966) pp . 143-175.
5 Bower. ,  p . 153.
6 Bower. ,  p . 167.
7 Bower. ,  p . 163.
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c h a ra c te r iz e d  by in c re a s in g  average and m a rg in a l c o s ts .  The r e la t iv e ­
l y  s im p le  p ro d u c tio n  processes tended to  expe rience  c o n s ta n t le v e ls  
o f  w a te r r e c i r c u la t io n  c o s ts .
In  a 1966 s tu d y  Joe S . B a in , R icha rd  E. Caves, and J u l iu s  M a rg o lis  
h yp o th e s ize d  th a t  in d u s t ry  would respond to  in c re a s e s  in  the  p r ic e  o f
w a te r .8 They s ta te d  th a t  " th e  response to  th e  demand to  a change in  
the  p r ic e  o f  w a te r may take  p la c e  ra th e r  s lo w ly  over t im e , because 
rep lacem ents  o f  e x is t in g  f a c i l i t i e s  to  f a c i l i t a t e  th e  use o f  a d i f ­
fe re n t  type  o f  w a te r may be d e fe rre d  u n t i l  e x is t in g  f a c i l i t i e s  a re
n e a rin g  t h e i r  norm al rep lacem ent d a te s ."9  In  n o t in g  th a t  re a c t io n  
tim e  i s  sometimes s lo w , th e  a u th o rs  recogn ized  one o f  the  b ia se s  asso­
c ia te d  w ith  the  use o f  c ro s s -s e c t io n a l d a ta . S p e c i f ic a l ly ,  because 
re a c t io n  to  in c re a s e s  in  th e  p r ic e  o f  in d u s t r ia l  w a te r may re q u ire  a 
c o n s id e ra b le  tim e  la g ,  the  use o f  c ro s s -s e c t io n a l da ta  may r e s u l t  in  
more in e la s t ic  measures o f  the  p r ic e  e l a s t i c i t y  o f  demand fo r  
in d u s t r ia l  w a te r . Time s e r ie s  da ta  would e l im in a te  t h is  p rob lem  to  
some degree by a l lo w in g  the  da ta  base to  r e f l e c t  changes in  w a te r 
c a p i ta l  equipm ent in  response to  changes in  p r ic e .  However, th e re  are  
a ls o  drawbacks w ith  the  use o f  tim e  s e r ie s  da ta  w h ich w i l l  be 
d iscussed  la t e r  in  t h is  c h a p te r .
A g a in , th e  p r ic e  o f  in d u s t r ia l  w a te r was co ns ide red  to  be o n ly  the  
p r ic e  p a id  f o r  purchased w a te r from  m u n ic ip a l i t ie s ,  in  s p i te  o f  the
8 Joe S. B a in , R icha rd  E. Caves, and J u l iu s  M a rg o lis ,  N o rth e rn  
C a l i f o r n ia 's  W ater In d u s t r y ,  Resources fo r  th e  F u tu re , I n c . ,  (1966 ), 
pp. 183-184.
9  I b id . ,  p . 184.
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fa c t  th a t  a s u b s ta n t ia l  number o f  in d u s t r ie s  in  th e  s tu d y  re g io n  o f  
N o rth e rn  C a l i fo r n ia  used s e l f - s u p p l ie d  w a te r .  T h is  s i t u a t io n  was 
d ism issed  by th e  a u th o rs  who s ta te d  th a t  no good measure o f  s e l f -  
s u p p lie d  w a te r use was a v a i la b le  a t  th e  t im e .
In  a 1969 s tu d y  o f  the  in d u s t r i a l  demand f o r  w a te r in  E ng land,
10J u d ith  Rees d iscu sse d  th e  use o f  c o s t as a p r ic e  v a r ia b le  in  
re g re s s io n  a n a ly s is .  She observed th a t  p r iv a t e ly  a b s tra c te d  w a te r 
( s e lf - s u p p l ie d )  system s produced a s i t u a t io n  w h ich  th e  m arke t mecha­
nism  f a i le d  to  a l lo c a te  su p p ly  o p t im a l ly  due to  e x t e r n a l i t ie s  caused 
by th e  in te rd e p e n d e n cy  among u s e rs . The p r iv a te  c o s t o f  any 
w ith d ra w a l i s  the  pumping and p ip in g  c o s t a s s o c ia te d  w ith  o b ta in in g ,  
t r e a t in g ,  re u s in g ,  and d is p o s in g  o f  in ta k e  w a te r .  D ive rgences between 
p r iv a te  and s o c ia l  c o s t occu r because th e  in d iv id u a l  f i r m  does n o t 
c o n s id e r  the  e x c lu s io n  o f  an a l te r n a t iv e  use o f  w a te r and th e  
in c re a se d  e x t r a c t io n  c o s ts  w h ich a re  imposed on o th e r  use rs  as a 
r e s u l t  o f  i t s  w ith d ra w a ls .11 I d e a l ly ,  th e  p r ic e  o f  s e l f - s u p p l ie d  
w a te r shou ld  e l im in a te  e x t e r n a l i t ie s  by r e f le c t in g  o p p o r tu n ity  c o s t as 
w e l l  as p r iv a te  c o s ts .
The Rees s tu d y  h yp o th e s ize d  th a t  in d u s t r i a l  w a te r use was sen­
s i t i v e  to  changes in  p r ic e .  The h y p o th e s is  was te s te d  u s in g  m u lt ip le  
re g re s s io n s  w h ich combined em ployment, tonnage o f  raw m a te r ia ls ,  age 
o f  f i r m ,  p r ic e  o f  purchased w a te r , and c o s t o f  a b s t ra c t io n  as
10 J u d ith  Rees, I n d u s t r ia l  Demand f o r  W ater: A S tudy o f  South East 
E ng land . London: Lowe and Brydone P r in te r s  L t d . ,  1969, p . 56.
11 J u d ith  Rees, p . 22.
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12 J u d ith  Rees, pp. 22 -23 .
independen t v a r ia b le s .  The m u lt ip le  re g re s s io n  f o r  a l l  in d u s t r ie s  in
2
S outheast England y ie ld e d  and R o f  0 .3 5 . When th e  re g re s s io n s  were
2
run  f o r  s p e c i f ic  in d u s t r y  g roups th e  R s im proved g r e a t ly  and ranged 
from  0 .37  to  0 .9 7 .
The a u th o r re co g n ize d  th a t  a la rg e  number o f  hea vy-w a te r u s in g  
f irm s  were lo c a te d  in  th e  s tu d y  a re a . Two p r ic e  v a r ia b le s  were used, 
i . e . ,  th e  p r ic e  o f  purchased w a te r and th e  p r ic e  o f  s e l f - s u p p l ie d  
w a te r as measured by th e  average a b s t ra c t io n  c o s t .  The r e s u l t s  o f  the  
a n a ly s is  showed s ig n i f ic a n t  r e la t io n s h ip s  f o r  bo th  p r ic e  v a r ia b le s  
w ith  r e la t i v e ly  h ig h  le v e ls  o f  e x p la n a t io n .  I t  was concluded  th a t  
f irm s  w ith  a v a i la b le  s e l f - s u p p l ie d  system s had more e la s t ic  demand 
cu rves  f o r  purchased w a te r .
As was m en tioned , e x t e r n a l i t ie s  a s s o c ia te d  w ith  th e  a b s t ra c t io n  o f
s e l f - s u p p l ie d  w a te r re q u ire  th e  a d d it io n  o f  o p p o r tu n ity  c o s t to  the
p r iv a te  c o s t o f  a b s t r a c t io n .  The E n g lis h  R iv e r A u th o r i ty  imposed a
l ic e n s in g  system  in te n d e d  to  in te r n a l iz e  s o c ia l c o s ts  b u t w h ich , in
f a c t ,  tended to  p re v e n t an o p t im a l a l lo c a t io n  o f  w a te r re s o u rc e s . The
system imposed an id e n t ic a l  fee  on a l l  a b s tra c to rs  w ith  th e  e x c e p tio n
o f  a g r ic u l t u r a l  and dom estic  u s e rs , who were exempt from  th e  fe e .
C onsequen tly , some a b s tra c to rs  were charged more than  t h e i r  o p p o r-
12t u n i t y  c o s ts  w h ile  o th e rs  were charged le s s .
A 1969 s tu d y  by H. D. Bramer and D. J .  Motz in c o rp o ra te d  a 
d e ta i le d  q u e s tio n n a ire  in to  th e  a n a ly s is  o f  in d u s t r ia l  w a te r demand 
among heavy w a te r -u s in g  in d u s t r ie s  ( s te e l ,  ch e m ic a ls , p e tro le u m , and
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p ap er).13 The authors h y p oth esized , among other th in g s , th at
in creased  production  would r e s u lt  in  in creased  reu se o f  w ater. They
estim ated  th at t o t a l  water c o s t s  in  the paper in d u stry  in crea sed  19.7%
in response to  a 50% in crea se  in  production and concluded th a t t h is
d ecrease in  t o t a l  water c o s t /u n it  o f  output was the r e s u lt  o f  an
in crea se  in  reused water s in c e  reused water was con sid ered  to  be a
cheap s u b s t itu te  for  new in ta k e  w ater. They found s im ila r  r e s u lt s  for
other in d u s tr ie s .  The r e s u lt s  im plied  th at heavy w a ter-u sin g  firm s
were very co n sc io u s o f  changes in  the c o s t  o f  water as an in p u t, and,
th e r e fo r e , the use o f  c o s t  as a surrogate for  p r ic e  was j u s t i f i e d
s in c e  i t  le d  to  a very s ig n i f ic a n t  (though u su a lly  in e la s t i c )  estim a -
tio n  o f  demand e l a s t i c i t y  fo r  in d u s tr ia l  w ater.14
The ev idence presented  by Bramer and Motz d on 't n e c e s s a r ily  sup­
port th e ir  c o n c lu s io n s . For example, th e ir  co n c lu s io n s  imply th a t  
r e c ir c u la te d  water i s  the only s u b s t itu te  for  in ta k e  w ater.
Subsequent s tu d ie s  have shown th a t labor i s  a ls o  s u b s t itu ta b le  for
in tak e water in p u ts . 15 S in ce the study noted changes in  th e produc­
t io n ,  i t  i s  reasonab le to  assume th a t the tim e frame o f  the study was 
adequately  long enough to  a llow  a change in  the production  m ix. 
Assuming an in c r ea se  in  the u n it c o s t  o f  in ta k e  water a s u b s t itu t io n  
o f  labor (not ju s t  r e c ir c u la te d  w ater) fo r  in tak e  water could have 
been r esp o n sib le  for  the red u ction  o f  t o t a l  water c o s t s .
1313 Henry C. Bramer and Donald J . Motz, The Economic Value o f  Water 
in  In d u str ia l U ses. A Report Submitted to  the O ff ic e  o f  Water 
Resources R esearch, (December 1969), pp. 7 6 -9 7 .
14 Bramer and Motz, p . 68 .
15 G rebenstein  and F ie ld , pp. 228-232 .
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In 1970, Jacob DeRooy pu blished  a d octora l d is s e r ta t io n  on the
su b jec t o f  in d u s tr ia l  water demand.16 His d isc u ss io n  o f  an 
appropriate p r ice  proxy v a r ia b le  for s e lf - s u p p lie d  water provides an 
im portant th e o r e t ic a l  p o in t for the present stu d y . DeRooy suggested  
th a t in d u s tr ia l  water demand r eg r e ss io n  a n a ly s is  should in corp orate an 
average c o s t  proxy v a r ia b le  for p r ic e . The p r ice  v a r ia b le  was ca lcu ­
la te d  as the sum o f th ree u n it c o s t s :  the weighted u n it c o s t  o f  
in tak e from both m unicipal and nonregulated so u rces , the u n it c o s t  o f  
any treatm ent p r io r  to  u se , and the u n it c o s t  o f  e f f lu e n t  d is p o s a l.
The d e f in it io n  o f  p r ice  as the average c o s t  o f  in d u s tr ia l  water was 
j u s t i f i e d  on the grounds th a t " sin ce  the product i s  ' in te r n a lly  
consumed' th ere i s  no need to  be concerned w ith market demand in  the
u su a l s e n se . Demand and supply w ith in  the same firm  w i l l  always be 
17id e n t ic a l ."  In in d u s tr ia l  demand curve e s t im a tio n , research ers who 
use c o s t  as a proxy for  the p r ice  o f  in d u s tr ia l  water must assume th at 
each firm  w ith in  an in d u stry  fa c e s  a homogeneous s e t  o f  c o s t  con­
d i t io n s .  This a c t io n  j u s t i f i e s  the e stim a tio n  o f  an in d u stry  co st  
cu rve. I f  average c o s t  i s  in te r n a lly  generated  by the firm , then i t  
i s  im plied th a t the in d u stry  average c o s t  curve i s  a l in e  which con­
n ec ts  in te r n a lly  generated  input demand and supply eq u ilib riu m  p o in ts  
for  each firm  w ith in  the in d u stry . The connection  o f  the equ ilibrium  
p o in ts  for  the va r io u s firm s w ith in  the in d u stry  c o n s t itu te s  an 
in d u stry  c o s t  curve.
16 DeRooy d is s e r ta t io n .
1717 DeRooy d is s e r t a t io n ,  p . 51.
45
In 1974, DeRooy pu blished  an a r t i c l e  which d e a lt  w ith  th e p r ice
resp o n siv en ess  o f  heavy in d u s tr ia l  u sers  o f  w ater.18 The a r t i c l e ,  as  
did the au th or’s  d is s e r t a t io n ,  h yp oth esized  th a t in d u stry  was respon­
s iv e  to  changes in  the p r ice  o f  w ater. A tw o-stage  r eg r e ss io n  model 
was run (th e  independent v a r ia b le s  were g ro ss  w ater u se , the average  
c o s t  p r ic e  proxy o f  g ro ss  w ater, ou tp u t, employment, and tech n ology) 
for 30 chem ical p la n ts . The r e s u lt s  showed th a t in d u s tr ia l  water use 
was in  fa c t  resp o n siv e  to  changes in  the p r ic e  o f  w ater. P r ice  
e l a s t i c i t y  measurements for  c o o lin g , p r o c ess in g , and steam gen era tio n  
were - .8 9 4 ,  - .3 5 4 ,  and - .5 9 0 ,  r e s p e c t iv e ly .  Although a l l  measures 
were in e l a s t i c ,  the author po in ted  out th a t the e l a s t i c i t i e s  exceeded  
the e x p e c ta tio n s  o f  water resou rce p lanners who had assumed in  the  
p ast th at in d u stry  u sers  were in s e n s i t iv e  to  changes in, the p r ic e  o f  
w ater.
DeRooy's d is s e r ta t io n  l i t e r a t u r e  review  provided two a d d it io n a l
c i t a t io n s  which are o f  re levan ce  to  th is  stu d y . In 1962 F.M. F ish er
estim ated  the demand for  e l e c t r i c i t y  in  the U .S . u sin g  the p u b lic
market p r ice  for  e l e c t r i c i t y  as the p r ic e  v a r ia b le . 19 DeRooy argued 
th at the p u b lic  market p r ic e  was not the p r ic e  th a t would bring about 
firm resp on se . In stea d , p r o f i t  maximizing firm s would respond to  
r e la t iv e  changes in  p r iv a te  c o s ts  and would not be concerned w ith  
p u b lic  opp ortunity  c o s t  c o n s id e r a t io n s . DeRooy s ta te d  th a t ”  . . . i f
18 DeRooy a r t i c l e ,  pp. 403-406.
19 F. M. F ish e r , A Study in  Econom etrics: The Demand for  
E le c t r ic i t y  in  th e United S t a t e s . Amsterdam: N orth-H olland  
P u b lish in g  C o., 1962, pp. 120-149.
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p u b lic  r a te s  or p r ic e s  d ecrea se , they (firm s) w i l l  not n e c e s s a r ily
sw itch  to  market e l e c t r i c i t y  s in c e  they are e f f e c t iv e l y  locked in  by
th e ir  c a p ita l  in vestm en t." 20 The lack  o f  s u b s t i t u t a b i l i t y  between 
p u b lic  and s e l f - s u p p l ie d  e l e c t r i c i t y  can be ca rr ied  over to  in d u s tr ia l  
water u sage . Like e l e c t r i c i t y ,  la rg e  amounts o f  c a p ita l  equipment are 
required  for  firm s th a t supply th e ir  own w ater. In the sh ort run, 
changes in  the p r ic e  o f  purchased water r e la t iv e  to  su lf - su p p lie d  
water p r ic e s  may not have any e f f e c t  on s e lf - s u p p lie d  firm s because  
they are e f f e c t iv e l y  locked  in to  a s e lf - s u p p lie d  system . However, i f  
the p r ic e  o f  purchased water continued to  p resen t an a t t r a c t iv e  a l t e r ­
n a t iv e  to  s e l f - s u p p l ie d  w ater, then firm s might sw itch  to  purchased  
water su p p lie s  in  the long run.
In a 1968 a r t i c l e  Baxter and Rees observed d if fe r e n c e s  in  the
degree o f  inp ut s u b s t itu t io n  between la b o r - in te n s iv e  and c a p it a l -  
in te n s iv e  f irm s. 21 The authors hyp othesized  th a t e l e c t r i c i t y  was a 
s u b s t itu te  fo r  labor and a complement to  c a p it a l .  The r e s u lt s  o f  the  
m u lti- in d u str y  study in d ic a te d  th a t the p r ice  o f  e l e c t r i c i t y  was not 
s ig n if ic a n t  w ith r esp ec t to  sh ort run changes in  e l e c t r i c a l  u sage.
This was exp la in ed  by ev idence showing th a t th ere  were fewer oppor­
t u n i t ie s  fo r  s u b s t itu t io n  in  la b o r - in te n s iv e  firm s, where e l e c t r i c i t y  
was locked in to  c o s t ly  c a p ita l  equipment. That i s ,  a wider v a r ia tio n  
in  e l e c t r i c i t y  usage occured among c a p ita l - in t e n s iv e  firm s, s in c e  
e l e c t r i c i t y  was considered  a complement o f  c a p ita l  goods consumption.
20 DeRooy d is s e r ta t io n ,  pp. 61 -62 .
21 E. Baxter and R. Rees, "An A n a lysis  o f  the In d u str ia l Demand for  
E le c t r ic i t y ,"  The Economic Jou rn a l, (June 1968), pp. 277-296.
CHAPTER V
The purpose o f  th is  chapter i s  to  d e t a i l  the methodology which i s  
used to  e stim a te  water demand fu n c tio n s  fo r  the paper and chem ical 
in d u s tr ie s  in  Arkansas. In p a r t ic u la r , i t  d is c u s se s  the s e le c t io n  o f  
an app rop riate production  fu n c tio n , th e eq u a tio n a l form o f  the  
n ecessary  c o s t  and demand fu n c t io n s , and the independent v a r ia b le s .
In a d d it io n , i t  d is c u s se s  data s e le c t io n  and c o l le c t io n  i s s u e s ,  
in c lu d in g  the use o f  c r o s s - s e c t io n  d a ta , q u estio n n a ire  d e s ig n , and 
data c o l le c t io n  problem s. The l a s t  s e c t io n  o f  the chapter p resen ts  
sample t e s t s  and d is c u s se s  the ja ck k n ife  procedure as i t  a p p lie s  to  
t h is  stu d y .
Nature o f  the Production Function
One o f  the n ecessa ry  c o n s id e ra tio n s  for  input demand e st im a tio n  i s  
knowledge o f  the f ir m 's  production  fu n c tio n . Evidence presen ted  in  
the p rev iou s chapter suggested  th a t water was a s u b s t itu te  fo r  labor  
but a complement to  c a p it a l .  Because i t  i s  l ik e ly  th a t the e l a s t i c i ­
t i e s  o f  s u b s t itu t io n  among th ese  th ree  in p u ts  are not id e n t ic a l ,  a 
production fu n ctio n  which perm its m u ltip le  e l a s t i c i t i e s  o f  s u b s t itu ­
t io n  would be a p p rop ria te .
R e la t iv e ly  sim ple production  fu n ctio n  models are not capable o f  
r e f le c t in g  d if fe r e n t  e l a s t i c i t i e s  o f  s u b s t itu t io n  between in p u ts . For 
example, the Cobb-Douglas production  fu n ctio n  assumes a con stan t  
e l a s t i c i t y  o f  s u b s t itu t io n  which i s  equal to  one for  a l l  in p u ts . A 
pure CES production  fu n ctio n  assumes a con stan t e l a s t i c i t y  o f  s u b s t i ­
tu tio n  among a l l  in p u ts , although the e l a s t i c i t y  c o e f f ic ie n t  d o esn 't
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n e c e s s a r i ly  have to  be e q u a l to  one . A p ro d u c tio n  fu n c tio n  developed 
by Uzawa, how ever, p e rm its  v a ry in g  e s t im a te s  o f  th e  e l a s t i c i e s  o f  
s u b s t i t u t i o n  betw een d i f f e r e n t  s e t s  o f  in p u ts .  Thus r e l a t i v e l y  h ig h e r  
e l a s t i c i t i e s  o f  s u b s t i t u t i o n  can be assumed betw een la b o r  and w a te r , 
w h ile  r e l t i v e l y  low er e l a s t i c i t i e s  o f  s u b s t i t u t i o n  can be assumed b e t ­
ween c a p i t a l  and w a te r .  The Uzawa fu n c t io n  i s  g iv en  b y :
(5 -1 )
where
q i s  a  m easure o f  o u tp u t;
i s  th e  in p u t  i n t e n s i t y  p a ram e te r c o n s ta n t  r e f l e c t i n g  
p o s i t i v e  m a rg in a l p ro d u c ts  which d e c re a se  m o n o to n ic a lly  
th ro u g h o u t th e  range  o f  in p u t  v a lu e s ;
Bij i s  a s u b s t i t u t i o n  c o n s ta n t  t h a t  r e p r e s e n ts  th e  deg ree  
o f  s u b s t i t u t a b i l i t y  among in p u ts  w ith in  a s p e c i f i c  in p u t 
s u b s e t ;
P i i s  a l s o  a s u b s t i t u t i o n  c o n s ta n t  w hich d e s c r ib e s  th e  
d eg ree  o f  in p u t s u b s t i t u t a b i l i t y ;
and
IW, K, L, and M a r e  in ta k e  w a te r , c a p i t a l ,  l a b o r ,  and 
m a te r i a l s ,  r e s p e c t iv e ly .
The p a r t i a l  e l a s t i c i t i e s  o f  s u b s t i t u t i o n  a re
σ12 = 1/1 + B12, σ34 = 1/1 + B34.
The Uzawa model assum es a p ro d u c tio n  fu n c t io n  which i s  homogeneous o f 
d eg ree  one , has d im in ish in g  r e tu r n s  to  a l l  in p u ts ,  and c o n s ta n t ly  
d im in ish in g  m a rg in a l r a t e s  o f  te c h n ic a l  s u b s t i t u t i o n .1
1
C. E. F e rg u so n , The N e o c la s s ic a l  Theory o f  P ro d u c tio n  and 
D i s t r i b u t io n , London: Cambridge U n iv e rs i ty  P r e s s ,  (1969) p . 110 .
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I t  can be argued th at the Uzawa fu n ctio n  i s  weakened by the  
assumption o f  homogeneity o f  degree one. However, C.E. Ferguson
su g g ests  th a t homogeneity o f  degree one should be assumed when c r o s s -
2se c t io n  data i s  u sed . S p e c i f i c a l ly ,  data which covers a r e la t iv e ly  
short time span w i l l  probably not r e f l e c t  s ig n if ic a n t  changes between 
input groups. In the case o f  c r o s s - s e c t io n a l  d a ta , Ferguson fin d s  
th a t production fu n ctio n s assumed to  have hom ogeneity o f  degree one 
provide a b e tte r  s t a t i s t i c a l  f i t  when compared to  fu n c tio n s  showing 
in crea sin g  returns to  s c a le .
Econommic e f f ic ie n c y  req u ires  th at c o st  i s  minimized fo r  the pro­
du ction  o f  each l e v e l  o f  ou tp u t. In t h is  study t o t a l  production  c o st  
(C) i s  equal to :
C = p · IW +  g  · Mq +  w · l q  +  r  · Kq ( 5 - 2 )
where
p i s  the u n it c o s t  o f  o b ta in in g , tr e a t in g  p r io r  to  u se , and 
d isp o sin g  o f  in d u s tr ia l w ater,
g i s  the u n it p r ice  o f  m a ter ia ls ,
w the wage r a te , and
r the ra te  o f  return  to  c a p it a l .
Cost and Demand Functions
I t  i s  u se fu l to  exp ress a lg e b r a ic a lly  the r e la t io n s h ip s  between 
the t o t a l  c o s t  and in tak e  water dependent v a r ia b le s  and th e ir  resp ec­
t iv e  independent v a r ia b le s . On the b a s is  o f  p rev iou s s tu d ie s  and eco­
nomic th eory , the fo llo w in g  r e la t io n s h ip s  w i l l  be estim ated :
2 C. E. Ferguson, " S u b stitu tio n , T ech n ica l P rogress, and Returns to  
S c a le ,"  American Economic Review, Papers and P roceed in gs, LV, pp. 304-305 .
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IW = f  ( ACIW, DTECHO, EMPLOY, AVDPROD, COOLPER, (5 -3 )
AGEPE, GWIWRAT, DTYPE)
and
TCI = f  (SQIW, DTIW, APIW, EMPIW, DTEKIW, (5 -4 )
AGEIW, TEMPIW).
E xh ib it 5-1 g iv e s  a d e ta ile d  d e sc r ip t io n  o f  each v a r ia b le  w ith resp ec t  
to  i t s  measurement as w e ll as i t s  expected  e f f e c t  on the dependent 
v a r ia b le .
The p r ic e  v a r ia b le  (ACIW) i s  expected  to  have an in v erse  r e la ­
t io n sh ip  w ith the dependent v a r ia b le  (IW) on the b a s is  o f  t r a d it io n a l  
economic th eo ry . The technology dummy v a r ia b le  (DTECHO), i s  a ls o  
expected  to  vary in v e r se ly  w ith  IW. This h yp oth esized  r e la t io n sh ip  i s  
based on the ex p ecta tio n  th a t o v e r a ll  improvements in  technology are  
l ik e ly  to  r e s u l t  in  more e f f i c i e n t  use o f  in tak e  water as water saving  
c a p ita l  equipment i s  used .
The percentage o f  g ro ss  water used as c o o lin g  water (COOLPER) i s  
expected  to  vary in v e r se ly  w ith  IW because firm s which use a high per­
centage are more l ik e ly  to  reu se la rg e  amounts o f  w ater. In the p a st, 
firm s have found th a t i t  i s  r e la t iv e ly  cheaper to  r e c ir c u la te  co o lin g  
water than i t  i s  to  ob ta in  fre sh  in ta k e; thus firm s w ith  h igh  COOLPER 
v a lu es  are l ik e ly  to  have p ro p o rtio n a te ly  reduced in tak e  water n eeds.
I t  i s  expected  th at the amount o f  in tak e  water w i l l  vary d ir e c t ly  
w ith the average age o f  the p lan t and equipment (AGEPE). In the past 
the c o s t  o f  ob ta in in g  s u ita b le  water for  production  purposes was r e la ­
t iv e ly  low; thus o ld er  p la n ts  and equipment were not con stru cted  to  
reu se water in t e n s iv e ly .  A ccord in gly , firm s w ith o ld er  p lan t and 
equipment can be expected  to  req u ire  more in tak e  water than th e ir  
modern co u n terp a r ts .
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EXHIBIT 5-1
L is t  o f  V ariab les With Expected S ign s
V ariable Name
Q uantity o f  
in tak e water 
(IW)
T otal c o s t  o f  
in tak e water 
(TCI)
Average c o st  
in tak e water 
( ACIW)
Technology
(DTECHO)
T ota l p lan t
employment
(EMPLOY)
Average d a ily
production
(AVDPROD)
Cooling water as 
a percentage o f  
gross water 
(COOLPER)
Average age o f  
p lan t and equip­
ment (AGEPE)
Gross w ater-in tak e  
water r a t io  
(GWIWRAT)
D escr ip tio n  o f  Measurement
Amount o f  in tak e water ob­
ta in ed  from a l l  sources in  
g a llo n s  per day
D ollar amount o f d a ily  in ­
take water c o s t .  Calcu­
la te d  by m u lt ip lic a t io n  o f  
average c o s t  o f  in tak e  
water (ACIW) by IW
The average c o s t  o f  in tak e  
water (o b ta in in g , tr e a t in g ,  
and d isp o sa l)  in  cen ts  per 
thousand g a llo n s  o f  in tak e  
water
Dummy v a r ia b le  obtained  by 
a ss ig n in g  "0" to  o ld  l e v e l s  
o f  technology and "1" to  
a l l  other l e v e l s  o f  tech ­
nology
Number o f  people employed 
in  each p lan t
Average d a ily  production in  
tons per day
Obtained by d iv id in g  t o t a l  
average d a ily  in tak e  (IW) 
in to  average d a ily  in tak e  
for  co o lin g  purposes
An estim a te  o f  the age o f  
p lan t and machines
Measured by d iv id in g  IW 
in to  t o t a l  d a ily  gross  
water
Expected Sign  
(+ or - )
(+) when IW i s  used 
as a dependent v a r i­
ab le  in  the t o t a l  
c o s t  fu n ction
TCI i s  a dependent 
v a r ia b le  only
( - )
( - )
(+)
(+)
( - )
( + )
(+)
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EXHIBIT 5-1 (C ont.)
V ariab le Name D escr ip tio n  o f  Measurement Expected Sign  
(+ or - )
Type o f  p lan t  
(DTYPE)
Dummy v a r ia b le  d is t in g u is h ­
ing between paper = 0 and 
chem ical = 1
( - )
DTIW Independent v a r ia b le  obtained  
by the m u lt ip lic a t io n  o f  IW 
tim es DTYPE
( - )
AP IW Independent v a r ia b le  obtained  
by the m u lt ip lic a t io n  o f  
AVDPROD tim es IW
( + )
EMPIW Independent v a r ia b le  obtained  
by the m u lt ip l ic a t io n  o f  
EMPLOY tim es IW
(+)
DTEKIW Independent v a r ia b le  obtained  
by the m u lt ip lic a t io n  o f  
DTECHO tim es IW
( + )
Note: In p arts o f  chapters V and VI, the l e t t e r  "L" appears in  some 
o f  the r eg r e ss io n  eq u a tio n s . The l e t t e r  "L" denotes the  
logar ith m ic  transform ation  o f  the v a r ia b le , i . e . ,  LIW i s  the  
lo g  base ten o f  IW.
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The GWIWRAT v a r ia b le  r e fe rs  to  the  r a t io  between th e  d a i ly  quan­
t i t y  o f  g ross  w a te r, w h ich is  equa l to  in ta k e  w a te r tim es  th e  number 
o f  reuses , and the  d a i ly  q u a n t i ty  o f  in ta k e  w a te r; th a t  i s ,  i t  
re p re s e n ts  the  in te n s i t y  o f  w a te r re u se . The h ig h e r  th e  r a t i o ,  the  
more in te n s iv e ly  in ta k e  w a te r i s  reused . I f  a l l  o th e r  fa c to rs  a re  
h e ld  c o n s ta n t, p la n ts  w ith  r e la t i v e ly  h ig h  GWIWRAT r a t io s  shou ld  
re q u ire  r o p o r t io n a te ly  le s s  in ta k e  w a te r than  p la n ts  w ith  lo w er 
GWIWRAT f ig u r e s .  P la n ts  which re q u ire  la rg e  amounts o f  in ta k e  w a te r 
such as paper m i l l s  a re  expected to  be more s e n s i t iv e  to  the  c o s ts  o f  
o b ta in in g  w a te r and, c o n s e q u e n tly , as IW in c re a se s  GWIWRAT shou ld  
in c re a s e  and v ic e  v e rs a .
The type  o f  f i r m  (paper o r ch e m ica l) i s  in d ic a te d  by a dummy 
v a r ia b le  (DTYPE) and is  expected to  v a ry  in v e rs e ly  in  r e la t io n s h ip  
w ith  IW because Arkansas paper p la n ts  use r e la t i v e ly  d a i ly  volumes o f  
in ta k e  w a te r than  chem ica l p la n ts .  I t  i s  assumed th a t  the  DTYPE 
v a r ia b le  w i l l  have a n e g a tiv e  s ig n  s in c e  paper p la n ts  a re  ass igned  a 
va lu e  o f  ze ro  and chem ica l p la n ts  a re  equa l to  one.
I t  shou ld  be noted th a t  no v a r ia b le  was chosen to  re p re s e n t the  
p r ic e  o f  o th e r  in p u ts .  A lth ough  knowledge o f  the  p r ic e s  o f  o th e r  
in p u ts  may be re le v a n t to  lo n g - te rm  d e c is io n -m a k in g , i t  i s  n o t im por­
ta n t  f o r  s h o r t - ru n  tim e  fram ework in  w h ich th e  p r ic e s  o f  o th e r  in p u ts  
a re  h e ld  c o n s ta n t.  T h is  assum ption g r e a t ly  s im p l i f ie s  th e  da ta  
re q u ire m e n ts  o f  th e  s tu d y . I f  the  p r ic e s  o f  o th e r  in p u ts  a re  assumed 
to  change, then  e x te n s iv e  (and o f te n  u n o b ta in a b le )  know ledge o f  in p u t  
c ross  e l a s t i c i t i e s  would be re q u ire d  f o r  in p u t  demand e s t im a t io n .
Each independen t v a r ia b le  f o r  th e  in ta k e  w a te r t o t a l  c o s t fu n c t io n  
(TC I) i s  o b ta in e d  by th e  m u l t ip l ic a t io n  o f  IW tim e s  the  v a lu e  o f  the
o r ig in a l  v a r ia b le  ( f o r  exam ple, EMPIW, i s  equa l to  EMPLOY tim es  IW, 
and so o n ) . SQIW o r  IW2 is  expected to  v a ry  d i r e c t ly  w ith  TCI s in c e  
TCI v a r ie s  d i r e c t ly  w ith  IW. DTIW is  expected to  v a ry  in v e rs e ly  w ith  
TCI s in c e  paper p la n ts  g e n e ra lly  use more in ta k e  w a te r than  p la n ts .  
EMPIW is  expected to  va ry  d i r e c t ly  w ith  TCI because the  le v e l  o f  p la n t  
employment is  cons ide red  to  be a p roxy o f  p la n t  s iz e  and as p la n t  
employment (and p la n t  s iz e )  in c re a s e s , so too  w i l l  th e  t o t a l  c o s t o f  
in ta k e  w a te r . DTEKIW is  assumed to  v a ry  in v e rs e ly  w ith  TC I. P la n ts  
w ith  " o ld "  le v e ls  o f  te ch n o lo g y  a re  expected to  have h ig h e r  t o t a l  
w a te r co s ts  than  p la n ts  w ith  "a ve rag e " o r  "advanced" te c h n o lo g y .
Data Type and C o lle c t io n
T h is  s tudy  uses c ro s s -s e c t io n  ra th e r  than  tim e  s e r ie s  da ta  fo r  
s e v e ra l d i f f e r e n t  reason s . I t  is  r e la t iv e ly  e a s ie r  to  o b ta in  the  
necessary response about c u r re n t  c o n d it io n s  than  h i s t o r i c a l  ones. 
S econd ly , the  sample i s  made up o f  paper and chem ica l p la n ts  th a t  p ro ­
duce s e v e ra l d i f f e r e n t  p ro d u c ts . G iven th e  h e te ro g e n e ity  o f  the  
sam ple, a s in g le  s e t o f  e q u a tio n s  taken from  a narrow  group o f  
v a r ia b le s  does n o t cove r ade qua te ly  the  w ide v a r ie t y  o f  respondent p ro ­
d u ce rs . In s te a d , the  a p p l ic a t io n  o f  c ro s s -s e c t io n  da ta  seems more 
a p p ro p r ia te  s in c e  i t  u t i l i z e s  in fo rm a tio n  from  a broad spectrum  o f  
in d iv id u a l  f irm s  so th a t  in d u s t r ia l  w a te r use may be d e s c r ib e d  by a 
s in g le  g e n e ra l s e t o f  e q u a tio n s .
G e n e ra lly , c ro s s -s e c t io n  da ta  has been tre a te d  as s u p e r io r  to  
t im e -s e r ie s  da ta  f o r  th e  e s t im a t io n  o f  w a te r demand.3 K in d le r  and
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3 Janusz K in d le r  and B la i r  T . Bower, "M o d e llin g  and F o re c a s tin g  o f  
W ater Demands," su b m itte d  f o r  p re s e n ta t io n  a t  the  Conference 
A p p lic a t io n  o f  Systems A n a ly s is  in  W ater Management Budapest, 28-29 
November 1978, p . 19.
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Bower p o in t  o u t th a t  c ro s s -s e c t io n  da ta  c o n ta in  la rg e  v a r ia b le
v a r ia t io n s  w h ile  t im e -s e r ie s  v a r ia t io n s  may o n ly  be s l i g h t  ove r 
t im e .4 DeRooy p o in te d  ou t th a t  the  B a x te r and Rees s tu d y  may be 
b iased  due to  the  use o f  t im e -s e r ie s  d a ta . B a x te r and Rees concluded 
th a t  e l e c t r i c i t y  use i s  n o t re sp o n s iv e  to  p r ic e  changes when la rg e  
amounts o f  c a p i t a l  a re  p re s e n t.  S ince  sample c a p i ta l  s to c k  changed 
v e ry  l i t t l e  over the  e le ve n  ye a r da ta  c o l le c t io n  p e r io d ,  DeRooy 
concluded  th a t  the  c ro s s -p r ic e  e l a s t i c i t y  e s tim a te s  were b ia s e d . He 
fu r th e r  s ta te d  th a t  dep loym ent o f  c ro s s -s e c t io n  da ta  would have e l im i ­
na ted  the  t im e -s e r ie s  b ia s  by a l lo w in g  f o r  g re a te r  v a r ia t io n s  in  the
c a p i ta l  s to c k  v a r ia b le .5 L a s t ly ,  t im e -s e r ie s  da ta  a re  more l i k e l y  to  
have s e r ia l l y  dependent (a u to c o r re la te d  ove r t im e ) v a r ia b le s .  The 
prob lem  o f  a u to c o r r e la t io n  does no t e x is t  in  c ro s s -s e c t io n  da ta  use, 
s in c e  o rd e r o f  o b s e rv a tio n  is  n o t r e le v a n t .
Once th e  da ta  needs o f  the  s tu d y  were d e te rm in e d , a p re l im in a ry  
q u e s t io n n a ire  was se n t to  s ix  sample p la n t  env ironm en t s u p e rv is o rs  
a c ross  the  s ta te  ( th re e  q u e s tio n n a ire s  were se n t to  paper and p u lp  
p la n ts ,  two q u e s tio n n a ire s  were se n t to  in o rg a n ic  ch e m ica l p la n ts ,  and 
one q u e s t io n n a ire  was sen t to  a f e r t i l i z e r  ch e m ica l p la n t ) .  
Accompanying each q u e s t io n n a ire  was a cove r l e t t e r  w h ich  s ta te d  the  
purpose o f  th e  s tu d y  and the  need f o r  responden t c o o p e ra t io n . The 
q u e s t io n n a ire  m a il in g  was fo llo w e d  by a s e r ie s  o f  p e rs o n a l in te rv ie w s  
w ith  each f i r m ’ s e n v iro n m e n ta l s u p e rv is o r  in  o rd e r to  seek a d v ic e  from  
responden ts  on q u e s t io n n a ire  c l a r i t y  and to  g a in  f a m i l i a r i t y  w ith  each
4 K in d le r  and Bower, p . 20 .
5 DeRooy d is s e r t a t io n ,  pp . 6 9 -7 0 .
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in d u s t r y 's  w a te r use p ro ce ss . G e n e ra lly , respondents were q u ic k  to  
p o in t  ou t unanswerable q u e s tio n s  as w e ll  as to  suggest ways to  improve 
the  q u e s tio n n a ire .
A f te r  the in te r v ie w  p rocess , demand model requ ire m en ts  were 
review ed a long  w ith  sugg es tions  from  each in te rv ie w  w h ich re s u lte d  in  
the  f i n a l  q u e s t io n n a ire .  The q u e s tio n n a ire  was d iv id e d  in to  fo u r  
p a r ts :
(1 ) g e n e ra l p la n t  in fo rm a tio n ,
(2 ) o u tp u t and te c h n o lo g ic a l c o n s id e ra t io n s
(3 ) n a tu re  o f  w a te r use, and
(4 ) w a te r c o s t in fo rm a tio n .
A copy o f  the  q u e s tio n n a ire  a long  w ith  d e s c r ip t iv e  s t a t i s t i c s  can be 
found in  E x h ib its  5-2 and 5 -3 .
The da ta  fo r  t h is  s tudy  was o b ta in e d  from  responses to  a q u e s tio n ­
n a ire  which was sen t to  the  23 pape r, in o rg a n ic  ch e m ica l, and a g r i ­
c u l t u r a l  chem ica l p la n ts  in  A rkansas. A lthough  the  paper, chem ica l, 
s te e l ,  and pe tro le u m  in d u s t r ie s  a re  m ajor in d u s t r ia l  w a te r users  in  
the  U .S ., Arkansas has o n ly  one o i l  r e f in e r y  and no s te e l p ro d u c tio n  
p la n ts .
A f te r  the  f i n a l  q u e s tio n n a ire s  were m a iled  to  each p la n t  (a lo n g  
w ith  a cover l e t t e r  and s e lf-a d d re s s e d , stamped enve lope) in te rv ie w s  
were se t up w ith  t h ir te e n  o f  the  la rg e s t  p la n ts  in  o rd e r to  encourage 
a h ig h  response . The response ra te  fo r  f irm s  th a t  g ran ted  in te rv ie w s  
a f t e r  f i n a l  m a il in g  was 91%. The p la n ts  which were n o t v is i t e d  
re q u ire d  an average o f  fo u r  fo llo w -u p  te lephone  c a l ls  b e fo re  responses 
were re tu rn e d . I t  shou ld  a ls o  be no ted th a t  f irm s  re c e iv in g  o n ly
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U n iv e rs ity  o f  Arkansas 
Departm ent o f  Economics 
Rm. 402 Business A d m in is t ra t io n  B ld g . 
F a y e t t e v i l le ,  Arkansas 72701
(THIS INFORMATION WILL BE TREATED WITH THE UTMOST CONFIDENTIALITY)
Date _________________________
F irm  Name and Address ___________________________________________________________
Person p ro v id in g  da ta  ___________________________  Phone No. _________________
1. Which one o f  the  fo l lo w in g  groups does yo u r f i r m  f a l l  in to ?
Check th e  a p p ro p r ia te  b o x .)
Paper and Pulp
In o rg a n ic  Chem icals
A g r ic u l t u r a l  Chem icals
O the r (P le ase  e la b o ra te  in  the  space p ro v id e d )  ________________
2 . P lease in d ic a te  the  year on w h ich th e  da ta  i s  based ________________
3 . P la n t employment ___________  (E n te r  t o t a l  number o f  p la n t  em ployees)
4 . What p ro d u c t(s )  does yo u r p la n t  produce m a in ly?  _____________________
5 . Average d a i ly  p ro d u c tio n  _________ (E n te r  y o u r p la n t ’ s average d a i ly
p ro d u c tio n  in  to n s /d a y  o r some o th e r  common measure used in  y o u r 
in d u s t r y )
6 . Number o f  p ro d u c tio n  d a y s /y e a rs  _______  (E n te r  yo u r p la n t 's  number
o f  p ro d u c tio n  days per y e a r)
7 . L e v e l o f  te c h n o lo g y : O ld Average Advanced
(P le ase  check th e  a p p ro p r ia te  box b a s in g  yo u r response upon you r 
b e s t e s tim a te  o f  y o u r p la n t 's  te c h n o lo g y  r e la t iv e  to  o th e r  p la n ts  
in  the  in d u s t r y )
8 . In  what ye a r was yo u r p la n t  b u i l t ?  _______  Have you added on o r
m odern ized th e  p la n t  s in c e  th a t  tim e? ______  I f  ye s , what would you
e s tim a te  as th e  average age in  ye a rs  o f  th e  p la n t  and equipm ent?
9 . In ta k e  (GPD) _________
E n te r the  t o t a l  volume o f  w a te r taken  in t o  th e  system  from  a l l  
sources ( e . g . ,  sources would in c lu d e  p u b l ic  w a te r sys tem s, company 
s u r fa c e  o f  g roun dw a te r system s, e t c . )  in  g a l lo n s  p e r day.
EXHIBIT 5-2 
QUESTIONNAIRE
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10. O f the  t o t a l  In ta k e  w a te r s p e c i f ie d  in  Q ues tion  9 what amount in  
g a l lo n s  p e r day i s  used f o r  th e  fo l lo w in g  pu rpo ses :
C o o lin g  (GPD) __________
In  Process (GPD) __________
O the r (GPD) __________  (O th e r would in c lu d e  s a n i ta t io n ,  d r in k in g
w a te r ,  e t c . )
NOTE: The sum o f  the  w a te r used f o r  c o o l in g ,  in  p ro ce ss , and 
o th e r  purposes sh o u ld  equa l th e  in ta k e  w a te r f ig u r e  
s p e c i f ie d  in  Q uestion  9 .
11. How much o f  th e  in ta k e  w a te r s p e c i f ie d  in  Q ues tion  9 does yo u r 
p la n t  o b ta in  from  th e  fo l lo w in g  sources?
A. P u b lic  system  (GPD) _________
B. Company system  (GPD) _________
a . Company goundw ater (GPD) _________
b . Company s u r fa c e  w a te r (GPD) _________
NOTE: Answers a and b sh o u ld  add up to  th e  t o t a l  company system 
w a te r s p e c if ie d  in  p a r t  B o f  t h is  q u e s t io n .
12. How much w a te r does y o u r p la n t  d is c h a rg e r  p e r day? (GPD) __________
In c lu d e  a l l  w a te r b ro u g h t to  th e  u l t im a te  d is c h a rg e  p o in t  w hether 
t re a te d  o r  n o t .
13. Gross w a te r use (GPD) ______________
E n te r th e  t o t a l  volume o f  w a te r used in  g a l lo n s  p e r day. Gross 
w a te r use is  d e f in e d  as th e  t o t a l  volume o f  w a te r th ro u g h  a l l  
in d iv id u a l  u s e s , th a t  i s ,  in ta k e  tim es  th e  number o f  reuses 
(G ross w a te r use would be th e  amount o f  in ta k e  w a te r yo u r f i r m  
would r e q u ire  i f  i t  d id  n o t r e c i r c u la te  o r  reuse  any o f  the  
in ta k e  w a te r ) .
14. O f th e  t o t a l  g ro ss  w a te r s p e c i f ie d  in  Q ues tion  13 what amount in  
g a l lo n s  p e r day i s  used fo r  th e  fo l lo w in g  purposes?
C o o lin g  (GPD) __________
In  P rocess (GPD) _________
O ther (GPD) _________
NOTE: The sum o f  th e  w a te r used fo r  c o o l in g ,  in  p ro c e s s , and 
o th e rs  sh o u ld  e q u a l th e  g ro ss  w a te r f ig u r e  s p e c i f ie d  in  
Q u e s tio n  13.
15. W ater use equ ipm ent as a pe rcen tag e  o f  t o t a l  c a p i t a l  equ ipm ent__________
P lease  in d ic a te  th e  pe rcen tag e  o f  w a te r use equ ipm ent c o s t o u t la y
in  r e la t io n  to  t o t a l  c a p i t a l  equ ipm ent c o s t o u t la y .  (W ater use 
equ ipm ent c o s t o u t la y  i s  d e f in e d  as th e  equ ipm ent necessary  to  
o b ta in  w a te r , t r e a t  w a te r p r io r  to  u s e , and th e  tre a tm e n t o f  
w a te r p r io r  to  d is p o s a l,  in c lu d in g  waste t re a tm e n t) .
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16. T o ta l c o s t o f  o b ta in in g  in ta k e  w a te r $__________ .
(P le a se  in d ic a te  t o t a l  d i r e c t  and in d i r e c t  c o s ts ,  in c lu d in g  
c a p i t a l  c o s ts ,  in  ce n ts  p e r thousand g a l lo n s ) .
17. T o ta l c o s t o f  t r e a t in g  in ta k e  w a te r p r io r  to  use $_________ (P le ase
in d ic a te  th e  t o t a l  d i r e c t  and in d i r e c t  c o s ts ,  in c lu d in g  c a p i ta l  
c o s ts  o f  t r e a t in g  w a te r p r io r  to  use in  ce n ts  pe r thousand 
g a l lo n s ) .
18. T o ta l c o s t o f  re u s in g  o r  r e c i r c u la t in g  w a te r $_________(P lease
in d ic a te  th e  t o t a l  d i r e c t  and in d i r e c t  c o s ts ,  in c lu d in g  c a p i t a l  
c o s ts ,  o r re u s in g  o r r e c i r c u la t in g  w a te r in  c e n ts  p e r thousand 
g a l lo n s .  An example o f  c o s ts  a s s o c ia te d  w ith  reuse  w ou ld  be 
c o o lin g  tow ers  fo r  th e  purpose o f  a l lo w in g  c o o lin g  w a te r to  be 
r e c ir c u la te d  s e v e ra l t im e s ) .
19. T o ta l c o s t o f  w a te r d is p o s a l ( in c lu d in g  w aste  tre a tm e n t)  $______
P lease  in d ic a te  th e  t o t a l  d i r e c t  and in d i r e c t  c o s ts  o f  w a te r 
d is p o s a l ( in c lu d in g  any waste tre a tm e n t)  in  c e n ts  pe r thousand 
g a l lo n s .
20 . T o ta l c o s t o f  o b ta in in g  w a te r , tre a tm e n t p r io r  to  use , reuse
tre a tm e n t,  and d is p o s a l o f  w a te r $_________.
(P le a se  in d ic a te  th e  t o t a l  c o s t o f  these  fo u r  c a te g o r ie s  in  ce n ts  
p e r thousand g a l lo n s . )
NOTE: The answer to  Q ues tion  20 sh o u ld  be th e  sum o f  th e  answers 
g iv e n  f o r  Q uestions  16, 17, 18, and 19.
60
EXHIBIT 5-3
D e s c r ip t iv e  S t a t is t ic s  
o f  Sample o f  I n d u s t r ia l  Water Users
V a r ia b le
D erived From 
Q uestion Number Mean
EMPLOY 3 501.57
AVDPROD 5 938.71
AGEPE 8 10.86
IW (000) 9 11,390.36
ACIW (0 /0 0 0 ) 9,16 12.63
TCI ($ ) 16 1,299.19
GWIWRAT 9,13 8.75
COOLPER 13,14 .58
GW (000) 13 59,573.28
Source: Responses to  q u e s tio n n a ire  ( E x h ib it  5 -2 )
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te le p h o n e  c a l ls  had a much lo w e r u sa b le  response r a te  th a n  d id  v is i t e d  
f i r m s ,  i . e . ,  20 p e rc e n t.
The Sample
The purpose o f  o b ta in in g  a sample from  a p a r t ic u la r  p o p u la t io n  is  
to  make s t a t i s t i c a l  in fe re n c e s  abou t th e  p o p u la t io n  as a w h o le . To 
te s t  f o r  randomness in  the  sam p ling  p ro c e d u re , t - t e s t s  were pe rfo rm ed  
on a l l  o f  th e  v a r ia b le s .  Because p o p u la t io n  means were n o t a v a i la b le ,  
i t  was necessary  to  employ a poo led  two sample t - t e s t  where th e  means 
o f  two poo led  samples were compared. Past s t a t i s t i c a l  s tu d ie s  in d i ­
ca ted  th a t  responden ts  who sen t in  t h e i r  q u e s t io n n a ire  la t e  were s im i­
l a r  to  n o n re sponde n ts . Thus the  t o t a l  sample o f  responses was broken 
in to  an "on t im e "  p o o l and a " la t e "  p o o l,  where la t e  responden ts  were 
d e fin e d  as those  re c e iv in g  more than  two fo llo w -u p  c a l l s . 6 I f  th e  
t - t e s t  s t a t i s t i c s  were s t a t i s t i c a l l y  s ig n i f i c a n t ,  i t  would in d ic a te  
th a t  response b ia s  was in tro d u c e d  and th e  sam p ling  p roced u re  co u ld  n o t 
be c o n s id e re d  a random p ro c e s s . The poo led  two sample t - t e s t  i s  g iv e n  b y ;
6 A .N . Oppenheim, Q u e s tio n n a ire  D esign and A t t i t u d e  M easurem ent. 
New Y o rk : B a s ic  Books, I n c . ,  (1966) p . 34.
7
F .E . S a t te r th w a ite ,  "An A pprox im ate  D is t r ib u t io n  o f  E s tim a te s  o f  
V a riance  Com ponents," B io m e tr ic s  B u l le t i n . (1946 ) ,  pp . 113-114.
The SAS t - t e s t  p roced u re  uses S a t te r th w a ite 's  a p p ro x im a tio n  to  compute
the  degrees o f  freedom  a s s o c ia te d  w ith  th e  t  a p p ro x im a tio n .7
t  = m1-  m2/σ2   N1 . N2/n1 + n2 . 
where
o 2  =  n 1 S 1 2  =  n 2 S 2 2  =  N 2 S 2 2 /n 1  =  n 2  - 2
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where
A
r s = S a t te r th w a ite 's  degrees o f  freedom  a p p ro x im a tio n  
MS = mean square
r  = degrees o f  freedom  f o r  each re s p e c t iv e  sample t o o l  
The t e s t  f o r  randomness h y p o th e s iz e s  th a t  th e  means o f  th e  two sample 
p o o ls  a re  n o t s ig n i f i c a n t l y  d i f f e r e n t .  E x h ib i t  5 .4  shows th a t  th e  
r e s u l t s  o f  th e  t - t e s t  com parisons f o r  a l l  v a r ia b le s  between la te  and 
e a r ly  re sp o n d e n ts  were a l l  s t a t i s t i c a l l y  i n s ig n i f i c a n t  a t  .10 le v e l .  
S ince  a l l  th e  respon den ts  and n o n -re sp o n d e n ts  a re  th o u g h t to  have 
s im i la r  c h a r a c t e r is t ic s ,  a la c k  o f  s ig n if ic a n c e  between e a r ly  and la t e  
respon den t in d ic a te s  randomness and in fe re n c e s  abou t th e  p o p u la t io n  
can be made from  th e  sam ple .
The J a c k k n ife  P rocedure
Because o f  th e  s m a ll number o f  o b s e rv a tio n s  in  t h is  s tu d y , i t  was 
nece ssa ry  to  em ploy th e  ja c k k n i fe  s t a t i s t i c a l  p ro ce d u re  w h ich  i s  
des igne d  to  e l im in a te  s m a ll sample b ia s  by im p ro v in g  th e  ro b u s tn e ss  o f
a b e ta  c o e f f ic ie n t  le a s t  squares e s t im a to r .8 An im provem ent in  
ro b u s tn e s s  r e fe r s  to  s m a lle r  and s m a lle r  d e p a rtu re s  from  n o r m a li ty .
The ja c k k n i fe  p ro ce d u re  i s  o u t l in e d  be low :
8 R upert G. M i l l e r ,  "The J a c k k n ife  -  A R e v ie w ," B io m e tr ik a , (1 9 7 4 ),
61 , p . 6 .
r s = {[M S 1 / r 1  +  1 )] +  [MS2 / ( r 2 +  1)] }2 
[MS1 / ( r 1 + 1) ] 2 + [MS 2/ r 2 + 1 ) ] 2
r1 r2
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The ja c k k n i f e  i s  employed f o r  th e  e s t i m a te s  o f  b o th  th e  t o t a l  c o s t  and 
in ta k e  w a ter  r e g r e s s i o n  e q u a t io n s  in  o rd e r  to  improve th e  r o b u s tn e s s  
o f  th e  r e g r e s s io n  e s t i m a t e s .
CHAPTER VI
The p u rp o se  o f  t h i s  c h a p te r  i s  to  u se  th e  d a ta  c o l le c te d  from th e
q u e s t io n n a i r e s  to  e s t im a te  t o t a l  c o s t  f u n c t io n s  f o r  in ta k e  w a te r and
th e n  w a te r demand f u n c t io n s .  The SAS s te p w is e  r e g r e s s io n  p ro ced u re  i s
em ployed to  s e a rc h  fo r  th e  b e s t  c o s t  and demand f u n c t io n s .  The f i n a l
e q u a tio n  v a r i a b l e s  a re  chosen  on th e  b a s i s  o f  t h e i r  r e l a t i v e  c o n tr ib u -  
2
t i o n  to  R2 , i . e . ,  v a r i a b l e s  w hich do n o t p a ss  th e  0 .0 5  s te p w ise  F - t e s t  
a r e  n o t r e ta in e d  in  th e  m odel.
E s tim a tio n  o f  In ta k e  W ater Demand F u n c tio n
In  o rd e r  to  e s t im a te  th e  in ta k e  w a te r demand fu n c t io n  i t  i s  f i r s t
n e c e s sa ry  to  e s t im a te  a  t o t a l  c o s t  fu n c t io n  from w hich th e  av erag e
c o s t  o f  in ta k e  w a te r  ( p r i c e )  can  be d e r iv e d . The g e n e ra l  e q u a t io n a l
form was s p e c i f ie d  in  e q u a tio n  (5 - 3 ) ;  th e  s p e c i f i c  form i s  based  on
argum en ts  d ev e lo p ed  in  th e  p re v io u s  c h a p te r s  and i s :
TCI = b0 + b1EMPIW + b2  IW2 + b3DTIW + b4APIW + b5DTEKIW (6 -1 )
U sing th e  SAS s te p w is e  p ro c e d u re  (E x h ib i t  6 -1 ) g e n e r a te s  th e  fo llo w in g
e s t im a te  o f  th e  t o t a l  c o s t  o f  in ta k e  w a te r :
TC I=317.04 + .0001  IW2 
(2 .3 3 )  (4 .4 8 )
R2 = 0 .9 4  F = 94 .68  (6 -2 )
The v a lu e s  in  p a re n th e s e s  a r e  t - s t a t i s t i c s  w hich in d ic a te  s t a t i s t i c a l  
s i g n i f i c a n c e  a t  th e  0 .0 5  l e v e l .  The o v e r a l l  model i s  a l s o  s i g n i f i c a n t  
a t  th e  0.0001 l e v e l .
U sing e q u a tio n  (6 -2 )  to  e s t im a te  th e  av e rag e  c o s t  o f  in ta k e  w a te r 
(ACIW), th e  fo llo w in g  in ta k e  w a te r  demand fu n c t io n  i s  e s t im a te d :
ESTIMATED INDUSTRIAL WATER DEMAND SCHEDULES
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EXHIBIT 6-1
T ota l Cost Function Stepw ise  Search  
R egression  Procedure fo r  Dependent V ar iab le  TCI
R Square = .94
Step 1
Included Vari­
a b le s  Entered  
R egression  
Error 
T ota l
In te r c e p t  
SQIW or IW2
DF
1
12
13
B Value  
31,704
.0002
F
202.83
202.83
Prob > F 
.0001
.0001
R Square = .95
Step 2 
Step 3
V ariab le  EMPIW 
Entered  
R egress ion  
Error 
T ota l
In te r c e p t  
SQIW or IW2 
EMPIW
V ariab le  EMPIW 
Removed 
R egression  
Error 
T ota l
In te r c e p t  
SQIW or IW2
DF
2
11
13
B Value 
33,642
.0003
- .0 0 4
R Square = .94
DF
1
12
13
B Value 
31,704
.0002
F
110.49
12.73
1 .96
F
202.83
202.83
Prob > F 
.0001
.004
.19
Prob > F 
.0001
.0001
No o ther  v a r ia b le s  met the .50  s ig n i f i c a n c e  l e v e l  fo r  entry  in to  the  
model.
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T h is  e q u a t io n a l  form was s e le c te d  over th e  more t r a d i t i o n a l  l i n e a r  
m odels s in c e  i t  a llo w s  fo r  th e  more r e a l i s t i c  s i t u a t i o n  where th e  
v a lu e  o f  th e  p r ic e  e l a s t i c i t y  v a r i e s  d i r e c t l y  w ith  p r i c e .  By u s in g  
lo g a r i th m ic  t r a n s fo rm a t io n  o f  th e  in ta k e  w a te r e q u a tio n s  i t  i s  
p o s s ib le  to  m u lt ip ly  th e  b e ta  c o e f f i c i e n t  fo r  p r i c e  tim es  th e  v a lu e  o f  
p r i c e  in  o rd e r  to  o b ta in  th e  p r ic e  e l a s t i c i t i e s  o f  demand.
The s te p w is e  r e g r e s io n  p ro c e d u re  i s  used  a g a in  to  e s t im a te  th e  
in ta k e  w a te r  demand f u n c t io n .  The s te p w ise  p ro c e d u re  r e q u i r e s  a p a r ­
t i a l  F - s t a t i s t i c  w ith  a 0 .0 5  l e v e l  o f  s ig n i f i c a n c e  in  o rd e r  f o r  a 
v a r i a b l e  to  be added to  th e  model and a 0 .0 5  l e v e l  o f  s ig n i f ic a n c e  to  avo id  
d e l e t i o n .  The p ro c e d u re  g e n e r a te s  th e  fo llo w in g  r e s u l t s :
In ta k e  W ater Demand Model 
R2 = .76
P a ra m e te r F-V alue Prob > F
O v e ra l l  model 10.61 .002
T f o r  Ho:
P a ra m e te r B E s tim a te P a ra m e te r  = 0 PR > T
I n t e r c e p t 5 .3 8 9 .65 .0001
ACIW -  .078 -2 .2 8 .04
DTECHO -2 .6 2 -3 .2 2 .009
DTYPE -1 .5 7 -3 .9 8 .002
T hese r e s u l t s  show t h a t  a l l  in d e p e n d e n t v a r i a b l e s  a r e  s i g n i f i c a n t  a t
th e  .05 l e v e l .  The o v e r a l l  model i s  s i g n i f i c a n t  a t  th e  .0001 l e v e l  
2
w ith  an R o f  .7 6 .  The s te p w is e  p ro c e d u re  u sed  to  g e n e r a te  th e s e  
r e s u l t s  i s  shown in  E x h ib i t  6 -2 .
(6 -3 )
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EXHIBIT 6-2
I n ta k e  W ater Demand E q u a tio n  W ith  ACIW As P r ic e  
S te p w is e  R e g r e s s io n  P r o c ed u r e  For D ependent V a r ia b le  LIW
R Square = .51
S tep  1
V a r ia b le  DTYPE 
E n te re d  
R eg ress io n  
E r ro r  
T o ta l
I n te r c e p t
ACIW
DTYPE
DF
2
11
13
B V alue 
4 .74  
-  .03 
-1 .7 9
F
5 .79
.54
11.47
Prob > F 
.02
.47
.006
R Square = .76
S tep  2
V a r ia b le  DTECHO
F
10.6
5 .2 1
10.37
15 .81
Prob > F 
.002
.04
.009
.002
E n te re d
R eg ress io n
E r ro r
T o ta l
I n t e r c e p t
ACIW
DTECHO
DTYPE
DF
3
10
13
B V alue 
5 .3 8  
-  .078 
-2 .6 2  
-1 .5 7
No o th e r  v a r ia b le s  met th e  .50  s ig n i f ic a n c e  l e v e l  f o r  e n t ry  in to  
th e  m odel.
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In order to  estim ate  the in tak e water demand equations i t  i s  
n ecessary  to  jack k n ife  each o f  the beta c o e f f ic ie n t s  as shown in  
E xh ib its  6-3  through 6 -5 . The s ig n if ic a n c e  o f  the technology (DTECHO) 
and p lan t type (DTYPE) v a r ia b le s  gen era tes four d if fe r e n t  intake water 
demand equations due to  the fa c t  th at a dummy v a r ia b le  e f f e c t iv e ly  
serv es  as a "demand s h if t e r ,"  i . e . ,  i t s  use r e s u lt s  in  two separate  
but p a r a l le l  in tak e water demand fu n c tio n s . When a dummy v a r ia b le  i s  
equal to  z er o , the equation constant i s  equal to  ten to  the power o f  
the in te r c e p t  beta  c o e f f i c i e n t .  When i t  i s  equal to  one, the value o f  
the equation  con stan t i s  ten  to  the power o f  the in te r c e p t beta c o e f­
f i c i e n t  p lu s  or minus the beta c o e f f ic ie n t  o f  the dummy v a r ia b le . 
C onsequently, the fa c t  th at the DTECHO and DTYPE v a r ia b le s  are s ta ­
t i s t i c a l l y  s ig n if ic a n t  means the fo llo w in g  four in tak e demand func­
t io n s  can be estim ated :
IW = 105 . 41 . e- . 078.ACIW (6-3)
when DTECHO = 0 (below average technology)
DTYPE = 0 (paper p la n t)  
IW = 105 ·41- 2 · 51 . e- . 078 . ACIW (6-4)
when DTECHO = 1 (average or advanced technology)
DTYPE = 0
IW = 105 ·41 - 1 . 5  . e- .0 7 8  .ACIW (6-5)
when DTECHO = 0
DTYPE = 1 (chem ical p lan t)  
IW = 105 . 4 1 -1 .5 7 -2 .5 1  . e- .0 7 8  .ACIW ( 6- 6)
when DTECHO = 0
DTYPE = 1
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EXHIBIT 6-3 
In tercep t
Jackknife  Beta Est imate
Obs.
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/ 0  
w/o 
w/ 0  
w/o 
w/o 
w/o 
w/o 
w/o
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
75.46
-
( 5 . 3 8 )  (13)
( 5 . 3 8 )  (13)
( 5 . 3 9 )  (13) 
(5 .3 1 ) (1 3 )
( 5 . 4 1 )  (13)
( 5 . 3 8 )  (13) 
( 5 .5 2 ) (1 3 )  
(5 .6 3 ) (1 3 )  
(5 .3 6 ) (1 3 )
( 5 . 3 9 )  (13)
( 5 . 3 9 )  (13) 
( 4 .7 9 ) (1 3 )
( 5 . 4 2 )  (13) 
( 5 .7 4 ) (1 3 )
=
5.52  
5.91
5.39  
6.43  
5.13
5.52
4.00  
2.27  
5.78
5.39
5.39  
13.19
5.00  
.84
Jackknifed
= 75 .76 /14  = 5.41 = beta  c o e f f i c i e n t
for  In te r ce p t
β = 5.39
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EXHIBIT 6-4  
ACIW
Jackknife  Beta Est imate
Obs. # β = - . 0 7 8
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
- 1 . 0 9
-
( - . 0 7 4 ) ( 1 3 )  
( - . 0 7 6 ) ( 1 3 )  
( - . 0 7 8 ) ( 1 3 )  
( - . 0 7 7 ) ( 1 3 )  
( - . 0 7 7 ) ( 1 3 )  
( - . 0 7 8 ) ( 1 3 )  
( - . 0 8 8 ) ( 1 3 )  
( - . 0 9 6 ) ( 1 3 )  
( - . 0 7 6 ) ( 1 3 )  
( - . 0 7 8 ) ( 1 3 )  
( - . 0 7 8 ) ( 1 3 )  
( - . 0 3 4 ) ( 1 3 )  
( - . 0 8 0 ) ( 1 3 )  
( - . 1 0 0 ) ( 1 3 )
β
- .1 2 8
- . 0 9
- . 0 8
- . 0 9
- .0 9
- . 0 8
.05
.16
- . 1 0
- . 0 8
- . 0 8
- . 6 5
- . 0 5
.21
-1 .0 9 8
βJ = - 1 .0 9 8 / 1 4  = - . 0 7 8  =
Jackknifed  
beta  c o e f f i c i e n t  
fo r  ACIW
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EXHIBIT 6-5  
DTECHO
J a c k k n i f e  Beta
E s t im a te s  I n t a k e  Water Demand
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o 
w/o
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-3 6 .6 8
-
( - 2 . 5 8 X 1 3 )  
( - 2 .6 1 ) ( 1 3 )  
( - 2 . 6 2 ) ( 1 3 )  
( - 2 . 6 1 ) ( 1 3 )  
( - 2 . 6 1 ) ( 1 3 )  
( - 2 . 6 1 ) ( 1 3 )  
( - 2 .6 5 ) ( 1 3 )  
( - 2 .6 4 ) ( 1 3 )  
( - 2 . 5 5 ) ( 1 3 )  
( - 2 .5 7 ) ( 1 3 )  
( - 2 .6 2 ) ( 1 3 )  
( - 2 .4 6 ) ( 1 3 )  
( - 2 .6 7 ) ( 1 3 )  
( - 2 .9 9 )  (13)
=
-3 .1 4
- 2 .7 5
-2 .6 2
- 2 . 7 5
- 2 .7 5
- 2 . 7 5
- 2 .2 3
- 2 .3 6
- 3 .5 3
- 3 .2 7
- 2 .6 2
- 4 . 7 0
- 1 . 9 7
2.19
-3 5 .2 5
= - 3 5 .2 5 /1 4  = - 2 . 5 1  =
Obs. # = -2 .6 2
J a c k k n i f e d  
b e t a  c o e f f i c i e n t  
f o r  DTECHO
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The e s tim a te d  c o s t  and demand fu n c tio n s  were checked fo r  p o s s ib le  
m u l t i c o l l i n e a r i t y .  The s tep w ise  p ro ced u re  fo r  th e  TCI fu n c tio n  in d i ­
c a te d  two s ig n i f i c a n t  v a r ia b le s  as  shown in  E x h ib it  6 -1 . However, th e
a d d i t io n  o f  EMPIW to  SQIW in  th e  TCI fu n c tio n  s u b s t a n t i a l l y  changed
2th e  r e g re s s io n  c o e f f i c i e n t s  and d id  n o t s i g n i f i c a n t l y  add to  R2 .
Because a check o f  th e  TCI c o r r e la t io n  m a trix  showed EMPIW h ig h ly  c o r re ­
la te d  w ith  SQIW, i t  was e lim in a te d  from th e  TCI fu n c t io n .  In  a d d i­
t i o n ,  a check fo r  h ig h  c o r r e la t io n  betw een in d ep en d en t v a r ia b le s  in  
th e  f i n a l  in ta k e  demand e q u a tio n  showed no ev id en ce  o f  m u l t i c o l l i ­
n e a r i t y .  The c o r r e l a t i o n  m a tr ix  re v e a le d  th a t  none o f  th e  indep en d en t 
v a r ia b le s  in c lu d e d  in  e q u a tio n s  (6 -3 ) th ro u g h  (6 -6 ) were v a r ia b le s  
h ig h ly  c o r r e la t e d .
The e s tim a te d  r e g r e s s io n  m odels were a ls o  checked fo r  a p p r o p r ia te ­
n e ss . A r e g r e s s io n  model i s  assumed to  have in d ep en d en t norm al random 
v a r ia b le s  w ith  mean z e ro  and c o n s ta n t v a r ia n c e .  I f  th e  model i s  
a p p r o p r ia te ,  ob serv ed  r e s id u a l s  sho u ld  r e f l e c t  th e s e  p r o p e r t i e s .  To 
check fo r  model a p tn e s s , s c a t t e r  d iagram s o f  th e  r e s id u a l s  in  each 
model were p l o t t e d .  In  each c a s e , th e  s c a t t e r  d iagram s d isp la y e d  no 
s y s te m a tic  te n d e n c ie s  to  be p o s i t iv e  o r  n e g a t iv e .  Absence o f  system a­
t i c  v a r i a t io n  in  th e  r e s id u a l  s c a t t e r  p lo t s  c o n s t i t u t e s  ev id en ce  which 
su g g es ted  th a t  th e  assumed m odels were a p p r o p r ia te .
A nother assu m p tio n  o f  OLS r e g r e s s io n s  i s  t h a t  o f  c o n s ta n t  v a r ia n c e  
among e r r o r  te rm s . One way to  t e s t  f o r  u n eq u al v a r ia n c e  i s  to  c a lc u ­
l a t e  a  ran k  c o r r e l a t i o n  betw een th e  a b s o lu te  v a lu e  o f  th e  r e s id u a l  
(RABS) and th e  v a lu e  o f  th e  in d ep en d en t v a r i a b l e .  R e la t iv e ly  h ig h  
c o e f f i c i e n t s  o f  c o r r e l a t i o n  would in d ic a te  a s y s te m a tic  d e p a r tu re  from 
c o n s ta n t  v a r ia n c e ,  i . e . ,  h e t e r o s c e d a s t i c i t y . The r e s u l t s  o f  th e  rank
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c o r r e l a t i o n  t e s t  a r e  shown in  E x h ib i t  6 -6 . The t e s t  shows no s i g n i f i ­
c a n t l e v e l  o f  c o r r e l a t i o n  betw een RABS and each  o f  th e  in d ep en d en t 
v a r i a b l e s .  The co m b in a tio n  o f  ev id en ce  from th e  s c a t t e r  d iag ram s and 
th e  ran k  c o r r e l a t i o n  t e s t  a llo w  th e  a ssu m p tio n  o f  model a p p r o p r ia te ­
n e s s .  Each o f  th e  model e q u a tio n s  meet th e  a ssu m p tio n  o f  OLS w ith o u t 
th e  need f o r  model t r a n s f o r m a t io n .
I n t e r p r e t a t i o n  and R e s u lts
The n e g a tiv e  s ig n  o f  th e  DTECHO v a r ia b le  i n d i c a t e s  t h a t  in ta k e  
w a te r v a r ie s  in v e r s e ly  w ith  te c h n o lo g ic a l  im provem ents. The b e h a v io r  
o f  th e  DTECHO v a r ia b le  c o n firm s  th e  e x p e c ta t io n  th a t  th e  p ro p o r t io n  o f  
in ta k e  w a te r used  by a f irm  te n d s  to  d e c re a se  a s  o v e r a l l  te c h n o lo g ic a l  
im provem ents o c c u r , c e t e r i s  p a r ib u s .  The r e l a t i o n s h i p  betw een DTECHO 
and th e  q u a n t i ty  o f  in ta k e  w a te r r e in f o r c e s  th e  f in d in g s  o f  th e  1974 
NBER s tu d y  w hich a t t r i b u t e d  a n e g a tiv e  r e l a t i o n s h i p  betw een o v e r a l l  
te c h n o lo g ic a l  im provem ents and in ta k e  w a te r  to  e v id en c e  w hich showed 
th a t  im provem ents in  te c h n o lo g ic a l  p ro c e s s e s  te n d  to  t r a n s l a t e  in to  
more e f f i c i e n t  usage  o f  in ta k e  w a te r .  As e x p ec ted  th e  DTYPE v a r i a b le  
a ls o  d is p la y s  a  n e g a tiv e  s ig n  which in d i c a t e s  t h a t  th e  ty p e  o f  p la n t  
( e i t h e r  p ap er o r  ch em ica l)  has a s i g n i f i c a n t  e f f e c t  on th e  q u a n t i ty  o f  
in ta k e  w a te r demanded. The d a ta  r e v e a l s  t h a t  A rkansas p ap e r p la n t s  
demand more in ta k e  w a te r th an  t h e i r  ch em ica l p la n t  c o u n te r p a r t s .
The f a c t  t h a t  th e  b e t t e r  c o e f f i c i e n t  o f  ACIW h as  a  n e g a tiv e  s ig n  
co n firm s  th e  h y p o th e s is  t h a t  p r ic e  and q u a n t i ty  o f  in ta k e  w a te r  a re  
in v e r s e ly  r e l a t e d .  The n e g a tiv e  s ig n  can  be i n t e r p r e t e d  to  mean th a t  
heavy w a te r -u s in g  f irm s  resp o n d  to  in c r e a s e s  in  th e  p r i c e  o f  in ta k e  
w a te r by re d u c in g  th e  q u a n t i ty  o f  in ta k e  w a te r .  T h is  r e s u l t  c o n firm s
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RABS
RABS
EXHIBIT 6 -6
Rank C o r r e l a t i o n  C o e f f i c i e n t s
T o ta l  C o st E q u a t io n  
RABS TCI SQIW
1 . 00  - . 1 6  .05
_____________ I n t a k e  W ate r Demand E q u a tio n ___________
RABS LIW ACIW DTECHO DTYPE
1 . 00  - . 2 4  . 45  - . 4 4  .46
(NOTE: RABS i s  t h e  a b s o l u te  v a lu e  o f  t h e  r e s i d u a l s . )
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th e  f in d in g s  o f  Bramer and Motz, DeRooy, and Leone, Ginn and L in . 
These a u th o rs  found th a t  f irm s respond to  p r ic e  in c re a s e s  by red u c in g  
th e  q u a n t i ty  o f  in ta k e  w a ter demanded. In  each c a s e , th ey  found a 
p r ic e  i n e l a s t i c  demand fo r  in ta k e  w a te r .
P r ic e  E l a s t i c i t y  o f  Demand
E quations (6 -3 ) th ro u g h  ( 6- 6 ) can be used to  g e n e ra te  s e p a ra te  
demand cu rves fo r  th e  paper and chem ical i n d u s t r i e s  and fo r  d i f f e r e n t  
l e v e l s  o f  tech n o lo g y . The average  c o s t  o f  in ta k e  w ater (ACIW) i s  th e  
on ly  v a r ia b le  n e ce ssa ry  to  c o n s tr u c t  th e  demand c u rv e s . From a s t a ­
t i s t i c a l  v iew po in t i t  i s  n o t w ise to  e x t r a p o la te  th e  e s tim a te d  r e l a ­
t io n s h ip s  fo r  p r ic e s  (ACIW) o u ts id e  th e  range fo r  which th e  demand 
fu n c tio n s  were e s tim a te d , w hich, in  t h i s  sam ple, ranged from 
0 .9 0 /1 ,0 0 0  g a llo n s  to  2 1 .7 ¢/1 ,0 0 0  g a l lo n s  w ith  an av erag e  o f  
1 2 .6 0 /1 ,0 0 0  g a l lo n s .  P r ic e s  p a id  by paper p la n ts  ranged from 10.0 to  
2 1 .7 0 /1 ,0 0 0  g a llo n s  w ith  an average  1 3 .6 0 /1 ,0 0 0  g a l lo n s .  The 
co rre sp o n d in g  p r ic e s  fo r  chem ical p la n ts  were 0 .9  to  2 1 .0 ¢ w ith  n 
average  o f  1 2 .10 . These f ig u r e s  can be used  in  e q u a tio n s  (6 -3 ) 
th rough  ( 6- 6) to  c o n s tr u c t  th e  demand fu n c tio n s  fo r  in ta k e  w a te r .
For exam ple, u s in g  th e  e q u a tio n  (6 -3 ) and assum ing p r ic e  i s  eq u a l to  
10 . 00/ 1,000 g a l lo n s ,  th e  e s tim a te d  q u a n t i ty  o f  in ta k e  w a te r demanded 
by a paper m il l  w ith  average  o r advanced tech n o lo g y  would be eq u a l to  
105 ·41 tim es e - 01·78 .1 0 .0 ¢ o r 36 . 4 m il l io n  g a llo n s  p e r day . O ther 
p o in ts  in  th e  demand fu n c tio n  fo r  paper p la n ts  w ith  av erag e  o r 
advanced tech n o lo g y  would be d e riv e d  by in s e r t i n g  o th e r  v a lu e s  fo r  
ACIW in to  e q u a tio n  (6 - 3 ) .  The demand fu n c tio n  fo r  paper p la n ts  u s in g  
below average  tech n o lo g y  would be d e riv e d  in  a s im i la r  manner u s in g
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e q u a tio n  ( 6 - 4 ) .  The demand fu n c tio n  fo r  chem ical p la n ts  would be 
d e riv e d  by in s e r t in g  v a r io u s  p r ic e s  ran g in g  from 0 .90  to  2 1 . 0¢/ 1,000 
g a llo n s  in to  e q u a tio n  (6 -5 ) fo r  p la n ts  u s in g  average  o r advanced te c h ­
nology and ( 6- 6 ) fo r  p la n ts  u s in g  below averag e  tech n o lo g y .
I t  i s  sometimes u s e fu l  to  know how p la n ts  would respond to  
in c re a s e s  in  th e  c o s t  o f  in ta k e  w ater due to ,  p e rh a p s , more expensive  
d r i l l i n g  c o s t s ,  more s t r in g e n t  w ater q u a l i ty  s ta n d a rd s , o r  o th e r  
p u b lic  p o l i c i e s .  The p r ic e  e l a s t i c i t y  o f  demand m easures t h i s  respon ­
s iv e n e ss  a s  th e  r a t i o  o f  th e  p e rcen tag e  change in  q u a n t i ty  o f  in ta k e  
w ater demanded to  th e  p e rc en ta g e  change in  p r i c e .  I f  th e  a b so lu te  
v a lu e  o f  t h i s  r a t i o  exceeds one th e  demand fo r  in ta k e  w ater i s  s a id  to  
be e l a s t i c ,  i . e . ,  re s p o n s iv e , to  p r ic e  changes; i f  i t  i s  l e s s  than  
one , i n e l a s t i c  o r n o t re sp o n s iv e ; and i f  i t  i s  eq u al to  one, demand i s  
s a id  to  be u n i t  e l a s t i c .
As in d ic a te d  e a r l i e r  in  t h i s  c h a p te r  th e  e x p o n e n tia l form o f  th e  
e s tim a te d  demand fu n c tio n  p e rm its  e l a s t i c i t y  to  vary  w ith  r e s p e c t  to  
d i f f e r e n t  p r i c e s ,  i . e . ,  a s  p r ic e  in c re a s e s  so too  does th e  a b so lu te  
v a lu e  o f th e  e l a s t i c i t y  c o e f f i c i e n t . E x h ib it  6-7 shows th e  e s tim a te d  
e l a s t i c i t i e s  a t  d i f f e r e n t  p r ic e s  fo r  bo th  chem ical and paper p la n ts  
w ith  d i f f e r e n t  l e v e l s  o f  tech n o lo g y . The r e s u l t s  in d ic a te  th a t  the  
p r ic e  e l a s t i c i t y  o f  demand fo r  in ta k e  w ater i s  s l i g h t l y  e l a s t i c  a t  the  
average  p r ic e  p a id  by paper p la n ts  ( 13. 6¢) and s l i g h t l y  i n e l a s t i c  a t  
th e  average  p r ic e  p a id  by chem ical p la n ts  (1 2 .1 ¢ ) .  I t  shou ld  be remem­
bered  th a t  th e se  e s tim a te s  were developed  from c ro s s  s e c t io n  d a ta .
The use o f  tim e s e r i e s  d a ta  would p robab ly  re v e a l  a more e l a s t i c  
demand sch ed u le  as  firm s have more tim e to  a d ju s t  t h e i r  p ro d u c tio n  
p ro cess  to  h ig h e r  w ater c o s t s .
77
EXHIBIT 6-7
P r i c e  E l a s t i c i t i e s  o f  Demand 
f o r  t h e  P a p e r  an d  C h em ica l  I n d u s t r i e s
P r i c e
(ACIW)
¢/1 ,0 0 0  g a l .
E l a s t i c i t y
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
- 0 .0 7  
- 0 .1 5  
-0 .2 2  
- 0 .3 0  
- 0 .3 8  
- 0 .4 6  
- 0 .5 4  
- 0 .6 2  
- 0 .7 0  
- 0 .7 8  
- 0 .8 5  
- 0 .9 3  
- 1 .0 1  
- 1 .0 9  
- 1 .1 7  
- 1 .2 5  
- 1 .3 3  
- 1 .4 1  
- 1 .4 8  
- 1 .5 6  
- 1 .6 4  
- 1 .7 2
Source : D eriv ed  from e q u a t io n s  (6 -3 )  
th ro u g h  (6 -6 )
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Knowledge o f th e  p r ic e  e l a s t i c i t i e s  o f  demand can be very  u s e fu l 
in  h e lp in g  to  determ ine  the  e f f e c t s  o f v a r io u s  p u b lic  p o l ic ie s  on the  
w ithdraw al o f  w ater fo r  in d u s t r i a l  p u rp o se s . Water i s  a sca rc e  good 
and, l ik e  o th e r sca rc e  goods, i s  ra tio n e d  to  u se rs  in  a v a r ie ty  o f  
ways. I f  purchased  from a c e n t r a l  system  i t  i s  ra t io n e d  by p r ic e  in  
p e r io d s  o f  norm al a v a i l a b i l i t y  and by v a rio u s  r u le s  du ring  p e rio d s  o f 
w ater s h o r ta g e s . I f  i t  i s  pumped from underground and su rfa c e  sou rces 
i t s  p r ic e  i s  th e  c o s t o f  a c q u is i t io n ,  tre a tm e n t, and d is p o s a l ,  b u t th i s  
c o s t  i s  too low to  r a t io n  the  w ater e f f i c i e n t l y  s in c e  i t  does not 
r e f l e c t  the  o p p o rtu n ity  c o s t to  the  r e s t  o f  s o c ie ty  (see  C hapter IV, 
pages 41-42 fo r  a fu r th e r  e la b o ra tio n  o f  t h i s  p o in t ) .  I t  i s  not 
s u r p r is in g ,  th e r e f o r e ,  th a t  th e re  a re  a re a s  th roughou t the  co u n try , 
in c lu d in g  p a r ts  o f  A rkansas, th a t  a re  fa c in g  s e r io u s  problem s o f w ater 
s h o r ta g e s , p a r t i c u l a r ly  groundw ater d e p le t io n .  From an economic 
s ta n d p o in t each u se r  has an in c e n tiv e  to  use w ater to  th e  p o in t where 
i t s  c o s t  eq u a ls  i t s  m arg inal revenue p roduct o r c o n tr ib u tio n  to  t o t a l  
revenue. S ince th e  c o s t o f w ater i s  very  low, la rg e  q u a n t i t ie s  o f  
w ater a re  used in  th e  p ro d u c tio n  p ro c e ss . T his s i tu a t io n  may be eco­
nom ically  e f f i c i e n t  fo r the  w ater u se r  bu t i t  i s  no t e f f i c i e n t  from 
the  s tan d p o in t o f  s o c ie ty  as a whole. One o f a number o f  p o s s ib le  
s o lu tio n s  i s  to  in c re a s e  the  c o s t o f  s e lf - s u p p l ie d  w aters  to  i t s  
u s e r s ,  perhaps through a su rcharge  or l ic e n s in g  system . While i t  
might be d i f f i c u l t  to  e s tim a te  the  su rcharge  which would r e f l e c t  
a c c u ra te ly  the o p p o rtu n ity  c o s t o f  s e lf - s u p p l ie d  w ater th e  p r ic e  
e l a s t i c i t y  o f  demand e s tim ated  in  t h i s  study  could  be used to  e s tim a te  
th e  e f f e c t  on in ta k e  w ater demand o f v a rio u s  su rc h a rg e s . For example, 
i f  the  c u rre n t average c o s t o f in ta k e  w ater to  a chem ical firm  was
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13 .0¢/1 ,0 0 0  g a llo n s  and ten  p e rc e n t su rch a rg e  was imposed on a l l  s e l f -  
su p p lie d  in ta k e  w a te r , th e  q u a n t i ty  o f  in ta k e  w a ter would be expected  
to  d ec rea se  by ap p ro x im a te ly  te n  p e rc e n t ,  c e t e r i s  p a r ib u s .  Of c o u rse , 
the  p re c is e  im pact o f  t h i s  te n  p e rc e n t su rch a rg e  may v ary  from t h i s  
e s tim a te  because o f u n av o id ab le  s t a t i s t i c a l  e r r o r s  in  th e  e s tim a te  as  
w e ll as changes in  th e  f a c to r s  and assum ptions on which th e  e s tim a te s  
were made. As in d ic a te d  e a r l i e r ,  th e  lo n g e r th e  tim e p e rio d  under 
c o n s id e ra t io n  th e  more e l a s t i c  th e  demand i s  l i k e ly  to  be and th e  more 
pronounced e f f e c t  o f  a g iven  su rch a rg e  on in ta k e  w ater demand. A lso , 
th e  n a tu re  o f  th e  p ro d u c tio n  p ro cess  i s  l i k e ly  to  change over tim e and 
th e  r e la t io n s h ip  between p r ic e  and in ta k e  w ater demand may a ls o  
change. I t  i s  l ik e ly  th a t  th e  c o s t o f  a c q u ir in g  in ta k e  w ater w i l l  
in c re a s e  in  the  fu tu re  and w ith  th a t  in c re a s e  w i l l  come new, a s  y e t  
u n e s tim a te d , r e l a t io n s h ip s  between p r ic e  and q u a n t i ty  demanded. These 
f a c to r s ,  some o f which a re  a d m itte d ly  hard  to  q u a n t i fy ,  must be tak en  
in to  account in  e s tim a tin g  th e  e f f e c t  o f  th e  su rch a rg e  p o l ic y .  In  
making th e se  e s tim a te s  i t  would be u s e fu l  to  c o n s u lt  in d iv id u a ls  who 
a re  f a m il ia r  w ith  th e  p ro d u c tio n  p ro cess  in  each o f  th e  a f f e c te d  
in d u s t r ie s  and know th e  c a p a c i t ie s  and l im i t a t i o n s  o f  th e  use o f  w a ter 
in  th e se  p ro c e s s e s .
L im ita tio n s  o f  th e  Study
One o f th e  im p l ic i t  o b je c t iv e s  o f  t h i s  s tu d y  was to  develop  w ater 
demand fu n c tio n s  which could  be used to  e s tim a te  fu tu r e  w a ter 
demands. The e s tim a te d  demand fu n c t io n s ,  how ever, a re  sub­
j e c t  to  l im i ta t io n s  which p re c lu d e  t h e i r  use  in
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f o r e c a s t in g .  P erhaps most b a s ic  i s  th e  la c k  o f  a s t a t i s t i c a l l y  s i g n i ­
f i c a n t  m easure o f  o u tp u t o r employment which i s  n e c e ssa ry  a s  a b a s is  
to  f o r e c a s t .  As o u tp u t changes so too  w i l l  th e  demand fo r  w a te r , 
in d ep en d en t o f  what happens to  p r ic e ;  how ever, s t a t i s t i c a l l y  r e l i a b l e  
e s t im a te s  o f  th e  c o e f f i c i e n t s  r e l a t i n g  o u tp u t to  w a ter u se  cou ld  n o t 
be e s tim a te d  from th e  a v a i l a b le  d a ta .  D ata l im i t a t i o n s  a ls o  meant th e  
ab sen se  o f  in fo rm a tio n  on th e  p r ic e s  o f  nonw ater in p u ts  in  th e  p roduc­
t io n  p r o c e s s . T h is im p lie s  th a t  in p u t p r ic e s  a re  f ix e d  which may be 
an a c c u ra te  assum ption  in  th e  s h o r t  run b u t n o t in  th e  long  run  when 
changes in  r e l a t i v e  in p u t  p r ic e s  a re  l i k e l y  to  a f f e c t  th e  use  o f  
in ta k e  w a te r .
A nother l i m i t a t i o n ,  n o t on ly  to  th e  use o f  th e se  demand fu n c tio n  
fo r  f o r e c a s t in g  p u rp o ses  b u t a ls o  to  t h e i r  use  in  a s s e s s s in g  th e  
im pacts o f  v a r io u s  p u b lic  p o l i c i e s ,  i s  th e  r e l a t i v e l y  sm all s iz e  o f  
th e  sam ple. A lthough s t a t i s t i c a l  p ro ced u res  were employed to  d e a l 
w ith  sm all sam ples, th e re  i s  th e  p o s s i b i l i t y  th a t  a l a r g e r  sample 
would have y ie ld e d  e s t im a te s  which were more a c c u ra te  o f  th e  t ru e  
p o p u la tio n  and s i g n i f i c a n t l y  d i f f e r e n t .  The f a i l u r e  to  o b ta in  a 
la r g e r  sample was a m ajor d isap p o in tm en t e s p e c ia l ly  in  l i g h t  o f  the  
te d io u s ly  p lanned  e f f o r t s  to  o b ta in  a la rg e  re s p o n se . Under th e  
e x is t in g  laws and r e g u la t io n s  p r o te c t in g  th e  autonomy o f  b u s in e s s e s , 
th e re  does no t appear to  be a e f f i c i e n t  way to  o b ta in  th e  in fo rm a tio n  
n e c e ssa ry  to  u n d e rtak e  a s tu d y  o f  t h i s  k in d .
F in a l ly ,  i t  shou ld  be u n d ers to o d  th a t  th e  e s tim a te d  demand func­
t io n s  a re  n o t meant to  be used to  p r e d ic t  th e  demand o f  in d iv id u a l  
p la n t s .  The a g g re g a te  n a tu re  o f  th e  models makes th e  d e te rm in a tio n  o f  
in d iv id u a l  demands s u b je c t  to  a h igh  degree  o f  e r r o r .
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